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ABSTRACT

We have carried out a theoretical and experimental study of the optical

properties of small band gap semiconductors subject to laser excitation and the

nonlinear infrared properties of semiconductors. These studies have led to an

understanding of the nonradiative recombination mechanisms due to impurities via

an Auger process. We have made predictions about the role of radiative and non-

radiative processes in narrow band gap semiconductors. Experiments performed

on HgCdTe alloys with different composition provided the first systematic study

of photoluminescence in these alloys and gave data that supported the conclusions

an the relative importance of radiative and nonradiative processes in alloys.

The study of the nonlinear infrared properties in the semiconductors resulted

in the first complete theory of the phenomenon. Our experiments to measure the

role of impurities on the saturation intensity have given results in good agree-

ment with our theory.
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I. SCIENTIFIC OBJECTIVES

The major scientific objectives of this program were:

(1) To determine the nature of quantum states formed by excited

electrons and holes in =all gap semiconductors under dif-

ferent conditions of carrier density and temperature;

(2) To determine the energy and lifetime of these states;

(3) To determine the effect carriers in these states have on the

optical properties of the material;

(4) To determine the effect of impurities on the recoubination

of photoexcited carriers in smi band gap semiconductors;

(5) To determine the influence of high intensity below band

gap radiation on the free carrier distribution function in

semiconductors;.

(6) To determine the consequences of this change in the distri-

bution function on the optical and electrical properties

of the semiconiductors.



II. SIGNIFICANT RESULTS

Over a period of five years a program, such as this one, produces a large

number of important results. To indicate the development of our ideas and

results, I will order the results approximately chronologically.

A. Auger Rates and Oscillator Strengths for Acceptor Bound Excitons in Si and Ge

The major recomnination mechanisms for excitons in moderately and heavily

doped indirect semiconductors are due to Auger processes. In this process an

exciton bound to a neutral impurity recombines with the energy being absorbad

by carrier originally bound to the neutral impurity. Under this program, the

first theoretical calculations of this effect were carried out for acceptors
in Si ( ae publication list item 1 and 2) and experiments measuring the decay

rates of bound excitons were carried which confirmed the predictions of the

theory (see publication list item 3). The theory was extended to cover the case

of excitons bomd to acceptors in direct band gap materials (see publication

list item 4). The theoretical results also included a calculation of

the oscillator strength for radiative recombination in the no-phonon channel

(see publication list item 4).

B. Auger Decay Versus Radiative Decay in HgCdTe Alloys

Theoretical predictions of radiative decay and the Auger decay were made

for HS (lx) CdxTe alloys as a function of alloy composition x. It was found

that alloys with a band gap of less than 0.5 eV the radiative recombination

imchanism dominates while alloys with a band gap of grea.er than 0.5 eV the



higer recabination mechanism dominates (see publication list items 2 and 4).

These results are supported by the experimental results obtained on HgCdTe

alloys with differing x (see publication list items 5 and 6).

C. Near Bad Photoluminescence of HgCdTe Alloys

We made the first published study of the photoluminescence spectra of

Ng(1)CdxTe alloys for x r 0.3 and x x 0.4. The small x material shows

spectral features %hich we interpret as band-to-band, and donor-acceptor

recombination. The large x material shows spectral features which are band-

to-band, donor-acceptor, and bound exciton recombination. These results are

presented in publications 5 and 6. The results support the theoretical

results discussed in Section B. The variation of the energy of the

luminescence with position on the sample offers a method for measuring the

variation in couposition and band gap across the layer (see publication 6).

D. Theory of Nonlinear Absorption in p-type Semiconductors

The first realistic solid state theory of the nonlinear optical absorption

in p-type semiconductors was presented in publications 8 and 9. This theory

was very successful in accounting for the first time for the saturation in

the absorption observed at high laser intensities at 10.6 Un in Ge. This theory

was generalized to include the effects of ionized impurity scattering,

residual (non-carrier induced) absorption mid the effects of hole-hole scat-

tering in publication 10. In publication 11 this theory was extended from

Ge to the Ill-V semiconductors with large spin-orbit splitting. These

included GaAs, G&Sb, InAs, AlSb as w ll as Ge. The theory was further extended



to includle Lhe effects of the spin orbit split-off valence band in

publication 12.

E. 7hory of Pump and Probe Experiments

To develop an understanding of the hole distribution in p-type semicon-

ductors under intense 10.6 wm irradiation expermnts pump and probe experiments

have been performed. In these experiments the sample is irradiated with an

intense 10.6 iii laser pulse and the transmission through the sample is measured

at 3 wj. In publication 13, a theory of what should be observed in these

experiments was developed and comipared with experiment. The agreement

between the theory and experiment are very good.

F. Photoconductivity of Ge under 10.6 wn Radiation

It is known thtters onso carriers to 10.6 )in radiation in Ge produces a

change in the conductivity due to the holes. This occurs because the high

intensity radiation changes the carrier distribution and hence the effective

mobility. In publication 14, the theory of this phenomenon is presented.

Again the agreement between theory and experiment is quite good.

G. Nonlinear Refractive Index of p-type Semiconductors

A theory of the change in the refractive index of p-type semiconductors

due to the changes in the carrier distribution was presented in publication

15. At present, there is no experimental data on this phenomena although the

theory predicts that such changes in the refractive index should be observable

for samples doped higher than 3 *10 on- 3



H. Experimental Measurements of the Saturation in Absorption in p-type Ge

An experimental apparatus was constructed to measure the absorption as a

function of intensity using a OD)2 laser. Experiments were performed on Ge

and Si samples in which for the first time the saturation as a function of

doping was measured. The results were found to be in good agreement with

the theory. The experimental results were presented in publication 7.

I. Review on Theory of Nonlinear Optical Absorption Associated with Free

Carriers in Semiconductors

From above one can see that a major program was carried out to study the

nonlinear optical effects associated with free carriers in semiconductors.

The results of this study are presented in an invited review article to be

published in the IEEE Journal of Quantum Electronics. A preprint of this

article is included in Appendix B which will be published in the November

1982 issue of this journal.
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PUBLICATION #1

PHYSICAL REVIEW S VOLUME 16, N,2MBER 12 IS DECEMBER 197-

Auger transition rates for excitors bound to acceptors in Si and Get

G. C. Osbourn and D. L. Smith
Caltfonua Instuse of Technolog. PAsadena. Cahfonia 91123

(Received 28 June 1977)

We present calcuiaiions of the pbaonolese Auger ranition rates for eacitas bound to the four common
shallowacceptors (B, Al. Ga. ad In) in Si and Ge The calculated roes for the bound cscitons in St vary
agleficeltly for the diTfereil acceptur. scrissa rpidly as the acceptor binding energy increases, This is
n agreemenat with the rapid decree with ncreang acoepror beding energy of measured ceapror bound.

eacaton lifetimes so St. Nuencrually. the cacuated Auger rates are within about a factor of 3 of she
measured socetimbastie raw for the diffeent acceptors. The depenqene of the Auger raes on acceptor
binding e as due to an increased spreading t. momentum space of the bound-ewcston wave function. In
Ge, the calculated AuMer rae are orders of magnitude len than the measured free-eanton recombina ton
rote in undoped Ge, suggesting that the phounoless Auger transition is not important for acceptor bound
cxcitons in Ge. This is consistent with the experimental observation that light doping with shallow acceptors
has little effect on the lifetimes of photoexcited cam'en at low temperatures in Ge; whereas. in Si the
carrier lifetimes can be decreased by orders of magnitude. The principal difference bettevn Si and Ge is that
the acceptor binding energies are much greater in Si than they are in Ge.

1. INTRODUCTION Si at low temperatures. For example, the free-
exciton lifetime in undoped Si is 2.6 gsec.0 If Si

A bound exciton (BE) consists of three carriers is doped with In at the 10"' cm - 3 level (or greater),
(two holes and one electron for acceptor BE; two the lifetime of photoexcited carriers (low excita-
electrons and one hole for donor BE) bound to a tion) is reduced to less than 5 nsec.3 This dramat-
charged impurity. Because in a BE three carriers ic reduction in carrier lifetime is most likely due
are localized in the same region of space, an Aug- to capture of a FE at the impurity to form a BE
er transition, in which an electron recombines (the cross section for this process has recently
with a hole and the energy is carried off by the been shown to be very large for Si:ln at tempera-
third carrier, can occur. Auger transitions are tures less than 10 'K") followed by Auger recom-
believed to limit the lifetimes of bound excitons in bination of the BE. The rate limiting step in the

many cases. s Auger transitions have also been process is the Auger recombination rate (for dop-

shown to be important in band-to-band recombina- ing in the 10t cm - 3 or greater level and tempera-
tion and carrier capture at a trap site. ", ' These tures less than 10 K).'
processes have been studied theoretically, 5 but In contrast to Si, doping Ge with shallow accept-
to our knowledge, no quantitative calculations of ors at the 10ts cm -3 level has little effect on the
BE Auger rates in semiconductors have been pre- Lifetime of photoexcited carriers for temperature
sented. and excitation conditions at which electron-hole

The bound-exciton lifetimes for the four common drops are not formed.9, 9 Both FE and BE are ob-
shallow acceptors in Si(B. A1,Ga,In) have recently served in the luminescence spectrum of Ge under
been measured.3 The BE lifetime was found to be these conditions and both decay with the lifetime of
significantly shorter than the free-exciton (FE) the FE in undoped Ge. Thus, it appears that Auger
lifetime in undoped Si for each type of acceptor. transitions for the BE in Ge are slow processes.
The BE lifetime was strongly dependent on the type In this paper, we present calculations of the BE
of acceptor, decreasing rapidly (at least a factor Auger rates for the common shallow acceptors in
of 200 from Si:B to Si:n) as the acceptor binding SI and Ge. The purpose of the calculation is to un-
energy increased. The lifetimes were Interpreted derstand the strong dependence of the Auger rate
as due to Auger transitions without phonon assis- on acceptor type in Si and the qualitatively differ-
tance. Qualitatively similar behavior has been ob- ent effect doping with shallow acceptors has on the
served for excitons bound to acceptors in GaP.3  lifetime of photoexcited carriers in Si and Ge. The
The lifetimes for the BE in GaP were also inter- result of the calculation shows the observed depen-
preted as limited by phononlesa Auger transitions. dence of the BE lifetime on acceptor type in Si and

Because the BE lifetimes are shorter than the is within about a factor of 3 of the measured life-
FE lifetimes in undoped Si, the addition of small time in absolute value. The computed BE Auger
concentrations of shallow acceptors can greatly rates in Ge are found to be much slower than the
change the decay rate of photoexcited carriers in measured free-exciton lifetime in Ge. The impor-

16 S426



16 AUGER TRANSITION RATES FOR EXCITONS BOLND TO... 5427

tant difference in the two materials is that the in the BE more tightly leading to faster Auger
holes are much more strongly bound to the accep- rates. In Ge, the holes in the acceptor BE are not
tors in Si than they are in Ge. tightly bound, so 2nat the hole wave-function

The paper is organized in the following way: the spreading is small and the Auger rates are slow.
qualitative physics of the Auger transition is dis- In principle, the Auger transition could be phonon
cussed in Sec. I. In Sec. 1I1, the calculation is assisted. In contrast to the phononless Auger
presented, and the result of the calculation is corn- transition, an Auger transition involving a phonon
pared with experiment. Our conclusions are given should not be sensitive to the wave-function
in Sec. IV. Calculational details are included in spreading in the BE because the phonon would make
Appendix A. Appendix B contains a calculation of up the difference in wave vector between the peak
BE no-phonon oscillator strengths used to test the in K space of the BE wave function and the final-
BE wave function used in the Auger calculation, state hole. As a result the phonon-assisted Auger

transition rate should be insensitive to the accep-

I. QUALITATIVE PHYSICS OF THE AUGER TRANSITIONS tor type. Since the observed BE lifetimes in Si
are, in fact, very sensitive to the acceptor type.

In their work on GaP, Dean and co-workers ar- the acceptor BE Auger transitions in Si most likely
gued that the dependence of acceptor BE lifetimes occur without phonon assistance. In Ge, it is very
on acceptor type could be understood as due to an difficult to know whether the phonon-assisted or
increased localization (hence, an increased no-phonon Auger transition is more likely. Exper-
spreading in K space) of the hole wave function in imentally, neither process appears to be impor-
the BE for the more tightly bound acceptors.' tant. We will show that the no-phonon Auger pro-
(They did not, however, present quantitative cal- cess (which dominates in Si) is slow in Ge.
culations of the BE Auger rates to support their In order to compute the BE Auger rate, it is nec-
arguments.) We believe that the physical picture essary to know the BE wave function. It is very
they suggest also applies to Si and can be used to difficult to compute this wave function accurately,
understand the qualitatively different effect of dop- and we use an idealized model. In particular, we
ing with shallow acceptors on carrier Lifetimes in describe the interaction of the holes with the
photoexcited Si and Ge. charged acceptor by a Coulomb potential and a

In the acceptor BE (initial state of the Auger short-range square well. For Si:Al and Ge:Ga (the
transition) there are two holes near the valence- impurity has the same core structure as the host)

band maximum and an electron near the conduc- the strength of the short-range well was taken to
tion-band minimum. The final state of the acceptor be due only to the wave-vector dependence of the
BE Auger transition has one hole in the valence dielectric function. For the other impurities, it
band. The holes in the BE are spread in K space was adjusted to produce the observed acceptor
because they are localized about the acceptor. The binding energies for a simple hydrogenic model of
electron state will also be spread in K space, but the acceptor. In order to check the approximate
the spreading will be small compared to that of the validity of the model BE wave function, we used it
holes because the electron is not localized as much to compute no-phonon oscillator strengths for BE
as the holes. The wave vector of the final-state absorption. For Si:AI, Si:Ga, and Si:In the results
hole lies on a constant energy surface as required are within a factor of 2 of the measured values."
by energy conservation in the transition. Carrier- For Si:B, the computed oscillator strength is
carrier scattering, which conserves total wave about a factor of 4 too large. We readjusted the
vector, is the dominant interaction responsible strength of the square wells so as to give wave
for an Auger transition. Thus, for the Auger tran- functions which produce the measured oscillator
sition to take place, the initial BE state must have strengths. This procedure is appropriate because
an amplitude to contain wave vectors which are ac- both the no-phonon oscillator strength and the Aug-
cessible to the final-state hole. The conduction- er transition rate depend sensitively on the extent
band minimum is rather far in K space from the of K-space spreading of the hole wave function and
constant energy surface of the final-state hole. hence on the strength of the short-range potential.
Since the BE wave function is peaked at the con- In contrast, the acceptor binding energy is not as
duction-band minimum, spreading of the BE wave strongly dependent on the strength of the short-
function in K space is essential for the Auger tran- range potential. For Ge, the computed oscillator

sition to occur. In Si, the holes in the acceptor BE strengths were so small that they are probably not
are well localized, resulting in large hole wave observable. This Is consistent with the lack of no-
function spreading and fast Auger rates. The de- phonon BE optical transitions for Ge doped with
pendence on acceptor type occurs because the ac- acceptors, but is not of much help in the Auger
ceptors with larger binding energy bind the holes rate calculations.
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II. CALCULATION OF AUGER TRANSITION RATES Here e is the dielectric function, C and G' are re-
ciprocal-lattice vectors, and

From time-dependent perturbation theory, the
BE Auger transition rate is given by ( " - f re" urm.(,,r , (6)

1 2w iFHI) 126(E, - E,) (1)

where u is the periodic part of the Bloch function

Here IF) is the final state which consists of a free and 0 is the sample volume.
hole. 11) is the BE initial state, and R is the Ham- The mamimum contribution to the matrix element
iltonian for the solid. (The states 10 and IF) are comes from terms with G = 0 so that the denomin-
only approximate eigenstates of H.) The BE wave ator can be small. The 6 function in Eq. (5) re-
function has the form quires that

l) , ., k;, k.) (hm 1; k,; kdo.), +, E,-E . ' =0 (7)

(2) for G=0. The amplitude function, A, will be peak-
ed at E. - -0 and E, -E. where k,, is the conduc-

where '(kmrp,; k1h'h2 ; kpae) is a Slater determinant tion-band minimum. The wave vector E, lies on a
with the valence-band states (khm,) and (k.im2 ) constant energy surface. For Si, E,, is about 82%
empty and the conduction-band state (kao,) oc- of the way out in the Brillouin zone in the [1001 di-
cupied. Here m , and m . label the four hole bands rection12 and k. is approximately 25 % of the way
degenerate at the valence-band maximum and a, out in the zone with the value varying somewhat
labels the electron spin. For simplicity, we neg- with the direction of I, Under these conditions,
lect valley orbit-splitting effects in the BE and re- the most important term in the sum over 6' will
strict the electron to a particular conduction-band be with C' = 0. For Ge, o,, is at the zone edge in
minimum. AJ. is the amplitude that a particular the f111) direction so that there is a nonzero 6'
determinant is contained in the BE wave function; that puts f, + ' at the zone edge in the [1f]1 direc-
J is the total hole spin (2 or 0) with projection )l tion. Both this term and the one with C' = 0 will be
along the Z ais. The final state is significant in the sum on C'. These two terms are

F) = *(kua,) , (3) important for different values of k, so there is no
interference between them. and they give the same

where I(ko,,) is a Slater determinant with the val- contribution to the Auger rate. Thus, we evaluate
ence-band state (klo,) empty and a, is the final- the contribution to one of.the terms and multiply
state hole spin. (We neglect spin-orbit splitting this by a factor of 2. (Since our conclusion will be
in the final state and the hole band index is in- that the BE Auger rate in Ge is several orders of
cluded with a,.) magnitude smaller than the measured free-exciton

Using the wave functions given by Eqs. (2) and lifetime, this factor of 2 is not important.) Thus,
(3), the transition-matrix element becomes" for Si and Ge we need only consider the term

(F bHI l =6d '=0 in Eq. (5).
(F,.2-I-sA' ( ,k' The wave-function amplitude function is taken to

have the form
x ( .,,, €.:[~eC,... t . A .,ar t,,i k, ) ". CJf,(k,) fh(k,) f,(k.), (8)

- (.,. 1.. 1 * 0,)), where the coefficients C are chosen to give wave

functions that are eigenstates of the total spin of
(4) the two holes. In particular, we have

where is a one-electron Bloch function and V., c33 -c' C2-1 =C2 -2 -1
is the Coulomb interaction. The two-electron mat- -

rix elements in Eq. (4) can be written and

0" J[V,.101"." ....j C20 C2 =C[O .- Coo I A (9b)

(and all others are zero. The BE wave function is
GU"fI ~ properly normalized so long as the one-electron

e'(Xv)'8( ,+E.-E-+6-6') (5) functions fhandf, are. Using this notation, Eq. (4)
c (k, -K.+G)IE,-[. GI' becomes

I1
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(FlEhI)= f .(E)(E)f(E,)U.,folU%. ,, e-- ED C1 (10)

We next consider the overlap integrals U. Both where
kf and , are toward the zone center and in the up- 11 ( 1
per valence band. From the f. calculations of (E,) = d k; ,(d,)d3

k .( (E,)
Cardona and Pollak,13 we see that overlap integrals
of the form Ua,,*,a&oj are not strongly dependent on f(E, +E )-
the magnitude of E, or E. in Si and Ge, and we make e2 E'
the approximation . (14b)

h%:hf f 1
1 -o "1 To obtain the transition rate, the matrix ele-

The value depends on m, o,. and the final-state ment is squared, averaged over the initial BE
hole band index b,. An analogous approximation states and summed over final states. The most
cannot be used for U in Si because it is zero important final hole states are in the two upper
at I =0 and I , = kZo. Since the spreading in K-space valence bands; these two bands are degenerate in
of the holes in the BE is much greater than that for the 1100] and 1111] directions. We include only
the electron, we set 1, = 1,0 and expand in I D per- these two bands in the summation and neglect the
turbation theory for k. away from the zone center, fact that they are not degenerate in all directions."5

Using the E. f perturbation theory, the periodic The remaining summations on discrete indices can
part of the hole Bloch function is be performed in a straightforward but tedious way.

The result becomes
12 l/T =ID12B , (15a)

X __U___,____,, where

Eo-E 2= ID1= [21(3 l(, U.Yl2(-) j(r,jup j )! (15b)

where b labels bands and cr' spins. Then we have and

h evE.. E.,.o o f. (I3) -3a) d- 3 k,B(Jk ,)6(E, -E,). (15c)
w!,ere

4 WIOi,) The factor of 2 in square brackets is to the in-
-2 -. &. 0. UO E(13b) cluded for Ge but not for Si. In Eq. (15), r refers' U "o -to the r,, conduction-band state for Si and the r,

The only band which makes a significant contribu- conduction-band state for Ge; c refers to the con-
tion to the sum in Eq. (13b) for Si is the r,, con- duction-band minimum (A, in SI and L, in Ge) and
duction band. If E,, is taken to define the Z direc- P, is the x component of the momentum operator.
tion. the Z component of l is zero. (The minimum of the conduction vand is taken to

In Ge, LU 6,o. is not ze;-o as it is in Si. How- define the Z axis; the x and V components which

ever, the I - calculations of Cardona and Pollak' s  appear in the product Q -A give equal contribu-

show that this overlap integral is small. We have tions to the transition rate.)

computed the Auger rates in Ge both approximating To evaluate M ,, it is necessary to obtain the

U,1. 0 by Uo,,o,.. and using the E. ; expansion envelope fuectionsfA(k,) and fS(). As a first ap-

sim'i'ar to Si (that in, setting U,.oo, equal to proximation, we use effective-mass theory with a

zero). The second result gave almost an order of simplified model for the band structure. The elec-
magnitude larger Auger rates. It is the one we re- tron effective mass Is taken to be spherical with
port. 4 For Ge, the r.' conduction band makes the a value
dominant contribution to the sum in Eq. (13b). l/n, fi(/n,+ 1/rn), (16)

With these approximations, the transition-matrix where n, In We transverse electron effective mass
element becomes and tot, is the lcgitudinal electron effective mass.

(I ' (C, -C s  The interaction between the holes and the charged
1.2 I! Cacceptor is taken to be a Coulomb part, screened

-by the static dielectric function, plus a short-
XU0M1,p.*oAVh*0. (,) (14a) rawe square well. The radius of the square well

w



3430 G. C. OSBOVRfN AND D. L. SMITH 16

is taken to be the covalent radius of the host. For vectors of interest.) Evaluating the integrals using
SI: Al and Ge :Ga (the impurity with the same core the hydrogenic functions and using the fact that
structure as the boat), the square well is taken the hole Bohr radius is much smaller than the
to be due only to the dielectric function. In Appen- electron Bohr radius gives
dix A, we obtain an expression for the depth of 2 . 4
square well for Sl:AI and Ge:Ga based on this V~r),------ e t " a/ ) (20)
assumption. The hole effective mass is taken to (0 11 a 3
be spherical. We chose a value for the hole eI- Using this form for the potential, the iterated
fective mass by making a variational calculation wave function is
for the Si : At asl GL : Ga acoselors, using a Is e2  4w 1
hydrogenic wave function sad fittift the measured e (- w" E

binding energy. For impuritte ether than Al in

Sk and Ga in Ge, we determias the depth of the I 6 V.R 3 \
square well by making a variational calculation el-k-. + £9(k+ 9/az)F 6e/(0).
for the acceptor using a Is hydrogenic wave func- (21)
tion and fitting the measured binding energy. The Although this function appears to be quite different
interaction between the electron and the charged ta the hydragenic form, they are numericallyaccepto was hyargeen foro bee the sameeriforholy
acceptor was taken to be the ae as for holes rather close at small k. At large k, where both
but with the sign changed. functions are small, the iterated functions dies

As a first approximation, fr and are assumed off more slowly with increasing k than the hydro-
to have a Is hydrogenic form genic form. We compare the two functions for ;t

h \ /12 8 inthe ( 111 direction for Si:Ga in Fig. 1. (Si:Gajk+ 8 (V)a) represents a case with an intermediate value for

the strength of the short range potential. The [111]
' = I ts 8 direction is the one of greatest interest because

f*(k)= VI"} jky+ (1/b) (17b) the hole dispersion curves for Si and Ge drop off

The Bohr radii for the holes and electrons are most slowly in this direction so that the hole wave

determined from a variational calculation. function is spread most effectively in this direc-

There are corrections to the effective-mass ap- tion.) In the calculations of Auger rates and no-

proximation for wave vectors far from the band phonon oscillator strengths, we will only need the

etrema because the hole dispersion curves are
not parabolic at large i. We take these correc-
tions into account by substiuting the hydrogenic
form into the 1artree equation for the holes in the Hoi En r,,o-,
BE BE S' GS

I X -Space)

-- Hydooq.C
MO. V.! (k'). (18) , _i .eo,

Here E(k) is the hole dispersion curve, Es is the ,
one hole Hartree energy, f ; is the hydrgeatc
form for the hole wave function (Eq. (17a)] and V '
is the Hartree potential seen by the hole computed N,
taking the ydrogenic forms for the envelope func- L

tion

V(r)- +

4() 2 4 6 a I0 12

H s e l oa isif Is d o r f o e v

xf d TVR'8(r). (19) FIG. 1. Hole envelope function for the BE in Si:Ga vs
wave vector In umits of the bole Bohr radius. The dsshedHere the short-rangie square well of radius R and line is tbe hydrognic form for the envelope function

depth Vo has been replaced by a8 funct'.mn for con- (lie Eq. (27a)) and the solid line is the iterated form
venience. (The Fourier transform of the square ae Eq. (21)). The wave vector Is In the 1111) direction;
well is effectively constant for the range of wave INIs -12 corresponds to the soe ede.

Li
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TABLE 1. No-ponoo oscillator sua'stha for acospor other cas because the square-well potential is
BE in Si. repulsive for holes in this came. The binding ener-

Measured a a for the acceptor is not very sensitive to the
strength of this potential; the no-phonon oscillator

SI:B -2 - 10' .7 x 10"' tregtb is rather sensitive to it In addition, the

Si :AI 7 -104' 3.5 -104 no-phomon oscillator strgth is sensitive to the
Si:Ga 1 10"66 9.0 A 10., tail (in K apace) of the hole wave function in much
St :ln 9 104

" 9.3 10' the same way am the Auger transition rate. We
adjust the depth of the square-wel potential to

'Referee 10. produce the measured oscillator strengh. This
Estimated from the measured TO-phonon oscillator adjustment is most significant for Si: B, if we had

strength of Ref. 10 and the ratio of TO to no-phononstri~t ofRef 10sadtherato o TOto o..~linonnot made the adjustment, the calculated Auger
emisston intensity given by R. Sauer and J. Weber

(Phys. Rev. Let. 36, 48 (1976)]. rate for Si: B wonuld be about a factor of 3 larger
than that wi.cn we report.

In Table 1, we list the square-well parameters
iterated form of the hole wave function In the tail and resulting Bohr radii determined by the accep-
region, tor binding energy mad by the no-phonon oscillator

In order to test the validity of the BE wave fuse- strengths. We also list the acceptor binding ener-
lion, we have used this function to compute no- gies produced by the square wells determined by
phonon oscillator stremths for acceptor BE an St the no-phomon oscillator strengths. In Si: B, the
and Ge. The details of this calculation are given strength of the repulsive square well is reduced
in Appendix B. n Ge, the acceptor BE no-phonon to produce the measured oscillator strengths, and
optical transitions are too weak to observe." Our as a result the corresponding acceptor binding
calculation produces very small oscillator energy is greater than the measured value.
strengths"; this is consistent with experiment, With the approximate expressions for the en-
but not very helpful. In Si, the acceptor BE no- velope functions, f, and f, we can perform the
phonon oscillator strengths have been measured. 0  integral in Eq. (14b). First, we note that the
In Table I, we list the measured oscillator function f. is much more aharply peaked than the
strengths and the computed values for Si. For other function (the electron Bohr radius is large)
Si: Al, Si: Ga and Si: In, the results are within and replace it by a normalized 6 function,
about a factor of 2 of the measured values; for
Si: B, the calculated oscillator strength is about f.(k') * [(2r)3 /(rb 3 )' '16(k" - £, ). (22)
a factor of 4 too large. Si: B is different than the Then we have

1 .gr2 d'T f dk, Idf. k. + tL (23)

The calculation would still be very lengthy if it integration in Eq. (23) numerically and found that
was done without further simplicifation because nearly all the contribution to the integral comes
both the intejration in 30-) and the final-state from the region near ;, = 0. This occurs because
integration k, involve evaluation of valence-band the function f,6O,) is peaked at I = 0. There is no
energies at every point. We have examined the corresponding contribution at (k,0, + k, =k) because

TABLE 11. Square-well parameters and Bohr radii for acceptor BE in St. The diameter
of the square well is taken as the covalent radius of St (1.11 A). The unprimed numbers are
determined by fittin acceptor binding energies and the primed numbers are determined by
fitting no-phbon oscillator stregths.

Vk' EA a 6 VR 1  -"A ' ' i

(sV AI) 1meV) (A) (A) (OVA,) (meV) (A) (A)

S:B -27.1 46 18.7 51.5 -12.0 53 16.4 48.2
*I:AI 2.8 67 13.0 43.3 4.9 70 12.4 42.5
St:Oa 5.7 71 12.2 42.1 6.2 72 12.0 41.9
81:1D 14.8 154 7.7 34.9 14.8 154 7.7 34.9

U
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of the factor k,+ k,- k) and because the demon- To check the validity of this approximation, we
intor I.k, 12 is large in this region. As long have used it for the integral with fA(ko +kt -i)

as al' +i is much larger than unity, the in- being hydrogenic. For the hole Bohr radius pa-
tegral in Eq. (23) is that of a sharply peaked func- rameters used here the approximate result was
tion times a smoothly varying one in the region within 50% of the exact value determined by nu-
which contributes. In this case, the sharply peaked merical integration for all cases except Si: In.
function can be reasonably approximated by a nor- For Si: In the approximate result was within a
malized 8 function. Since we are only concerned factor of 2 of the exact result. When Eq. (21) is
with the part of fj(k,) where the function is large used for f,(k, + it - ks), the approximation should
(i.e., near ;. -0) we use the hydrogenic form to be better than for the hydrogenic form because
determine the normalization. f.(k,, + ,-ki,) is more slowly varying near k=0

in this case. With this approximation, we
2 (24) have

-I e' 64,1- a\ 1 1 (0)
2t 2(O)a 1 k, (b/ E(k.c+I),+Ei E i,-k,)

la + (25)R

Ik.kfa +g (1 +, pa2 + 9)7' * 6je2 '24t(0)aJa3  (5

Here S, is negligible compared to E(k+ k); thus, and they are not very sensitive to a short-range
it plays no role in the calculation of Auger rates. potential (due to the large Bohr radii of the ac-

The final-state integral in Eq. (15c) is performed ceptors in Ge). In Fig. 3. we plot calculated Auger
numerically. The valence-band structure was ob- rates for acceptor BE in Ge versus the square-
tained from a tight-binding band-structure calcula- well parameter VOR3. In the lower panel of the
tion using essentially the parameters of Chadi and figure, we show the electron and hole Bohr radii.
Cohen.2 We have changed the second-nearest- The range of the square-well parameter shown in
neighbor interaction parameter u,, in the notation the figure is over four times that used for Si: In.
of Ref. 20) by 0.21 eV in Si and 0.16 eV in Ge in (The binding energy of the Ge: In acceptor is pro-
order to produce the known energies at the L3 va- duced by a well parameter of 37 eV A.) Over the
lence-band points.-" I is desirable to get this entire range of the square-well parameters, the
point as accurately as possible because the largest calculated Auger rate is almost two order of mag-
contribution to the density of final hole states for nitude (or more) slower than the measured FE
the Auger transition in SI and Ge come with k in recombination rate in Ge. (The measured FE
the 11111 directions. In Table Il, we list param- lifetime in undoped Ge is about 8Asec.23) Since it
eters used in the calculation. seems unreasonable that the appropriate square-

In Fig. 2 we show the result of the calculation well depth for the shallow acceptors in Ge should
for Si along with experimental bound-exciton life- be many times larger than that for Si: In, the cal-
times for the four common shallow acceptors.' 22 culation indicates that the phononles Auger rate
The calculated lifetimes show the same dependence for acceptor BE in Ge is too slow to significantly
on acceptor type as the observed lifetimes and
have numerical values that differ by about a factor
of 3 from the experimental lifetimes. Considering TABLE IrL Parameters used in the calculation. All
the simplified BE wave functions used in the cal- symbols are defined in the text.
culation, we consider this agreement between the St Ge
calculated Auger rates and measured lifetimes to
be quite reasonable. The results indicate that the R 1.11 A 1.22
BE lifetimes are limited by phononless Auger M. 0.26m 0.12m
transitions for acceptors in SI. Wh 0.60m 0.19m

In Ge, It Is difficult to determine the appropriate (arlud 0.82 0.61
square-well parameters because the no-phonon I (&rIP.Iarj,)I 0.53 a.u.' 0.68 a.u.'
acceptor BE oscillator strengths are so weak that r 3.4 eVa 1.0 eV'

these optical transitions have not been observed. 0.57 ,P,I )I 0.65 au.'

In addition, the acceptor binding energies for the I,
different acceptors are nearly the same In Ge, Reference 13.

., . ..
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Acceolor Binding Energy nmev) FIG. 3. Calculated Auger lifetimes for acceptor BE in

FIG. 2. Bound-exciton lifetimes vs impurity binding Ge vs the square-well parameter VOR 3 . The range of
energy for the four common acceptors in Si. The hollow square-well parameter is over four times that appropri-
squares are our calculations of the Auger lifetime and ate for Si:n. Even for this unrealistically large value.
the solid circles are the measure values from Ref. 3. the calculated no-phonon Auger lifetime is almost two
Only an upper bound of 5 nsec (indicated by the top of orders of magnitude greater than the measured FE life-
the arrow) was set on the BE lifetime for Si:In in Ref. 3, time in Ge indicating that the phononless Auger trans-

ition is not an important process for acceptor BE in Ge.
In the lower panel, the hole and electron Bohr radii are

influence the BE lifetime. 2 The slow Auger rates shown.
in Ge follow from the large Bohr radii.

in Ge. The principal difference between the two
IV. SUMMARY AND CONCLUSION materials is that the holes are much more tightly

We have presented a calculation of phononless bound to the charged acceptor in Si than in Ge. Be-cause the holes are more tightly bound in the Si

Auger transition rates for excitons bound to shal- Blow aceptors in Si and Ge. We used a simplified BE, the hole wave function is more strongly spread
mlow acceors ine SIwavefucto and dsd a t si piedt in K space and the Auger rates are faster. This
model for the BE wave function and did not expect effect enters the calculation primarily through the
to produce numerically precise results (It would hbe aver fomidbletukto clcuatea hgh-re- hole Bor radii which are much smaller in Si than
be a very formidable task to calculate a high-pre- in Ge. The increased spreading in K space for
cision BE wave function. It would be necessary more tightly bound acceptors also accounts for
to include the degenerate valence-band structure, the dependence of the Auger rate on acceptor type
conduction-band anisotropies, and a realistic im- obervedin Si.

purity-carrier potential in a three-body problem.) observed in St.

The purpose of the calculation was to understand
the very large (almost three orders of magnitude) ACKNOWLEDGMENTS

dependence of acceptor BE lifetimes observed in We thank S. A. Lyon, M. Chen, K. R. Elliott,
Si,3 and the fact that shallow acceptors do not sig- D. S. Pan, J. N. Schulman, and T. C. McGill for
nificantly effect the lifetime of photoexcited car- valuable discussion on subjects related to this
riers in Ge at low temperature (qualitatively dif- work. We thank P. J. Dean for drawing our atten-
ferent behavior than in SI). These are large ef- tion to Ref. 2.

fects and qualitative differences which can be aR -

counted for in an approximate calculation. APPENDIX A: DIELECTRIC-FUNCTION CONTRIBUTION
The results of the calculation produced the strong TO SHORT-RANGE POTENTIAL

dependence of the Auger rate on acceptor type forBE i M.The alclate re~to evited romIn this appendix, we estimate the contribution toBE in SI. The calculated results deviated from

the measured BE lifetimes by about a factor of 3. the short-range potential due to the frequency de-
For the careBlulatinmgae Abu rates fatr lependence of the dielectric function. We set the in-
For Ge, the calculation gave Auger rates at le tegrated value of the short-range potential equal
two orders of magnitude slower than the observed to that for a square well,
FE recombination rate in undoped Ge. We con-
clude that phononless Auger transitions limit the 4--VwR'= ( V,(r)d r= V*(q = 0). (26)
acceptor BE lifetime in Si, but are ineffective V

' " .. .. _n_ _,_n .I.
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For the short-range potential, we take acceptor BE. The oscillator strength is defined

V,(q) - (4ie
2/q

2)[l/c(q) 1/c(0)]. (27) as

We use the form of c(q) suggested by Nara and f= (2/&nn)I(IIPF)1-. (28)

Morita ' 
for Si; this gives 2.83 eV A for VoR 3 . Here IF) is the final-state acceptor BE, I1) is the

For Ge, we use the same form for the dielec- initial-state acceptor, P is the momentum opera-
tric function as in Si, but replace (CO) with the tor, and 

1
1u is the photon energy required in the

measured value for Ge, 15.36. This form is a optical transition; Eq. (28) is to be averaged over
reasonable parametrization of the dielectric func- the initial acceptor states and summed over the
tion calculation in Ge by Brust.2 ' For Ge, we have final BE states. Using the BE wave function in

VR'= 2 .8 9 
eV A3

. Eq. (8) and an acceptor wave function of the form

APPENDIX B NO-PHONON OSCILL.ATOR STRENGTHS II) F, F..(k) (kin). (29)
At

In this appendix, we use the BE wave function
to compute the no-phonon oscillator strengths for The matrix element can be written

Here t eO is the periodic part of the electron Bloch The spin sums in Eq. (32), initial-state averages,
function and itb is the periodic part of the hole and final-state sum can be performed in a straight-
Bloch function. We assume that the acceptor en- forward but tedious way. In Si, the result is
velope function F(k) does not depend on the hole 2
spin state 0n 2 and that near ;, 

= 0 where F( 5 ) and . I ,
f,(;,) are large, they may be reasonably approxi-
mated by hydrogenic functions with Bohr radii nA x4 i 3-72 f ke) (33)
and a, respectively. In this case we have 1 a7,7,

8 (2(k)F) 8 '/_' ( Here is the periodic part of the hole Bloch

: (1 ~0 Aa ) (31) function in the A. valence band a k, and ., is
the periodic part of the electron Bloch function at

Next we use the fact that the spread of the electron this point. The conduction-band minimum is in
envelope function in K space is very small con- the z direction (a [ 100) direction).
pared to that for holes and replace f.(k,) with the For Ge, the result is
normalized 6 function given in Eq. (22). The ma- 2
trix element becomes f= ( Pi uf) 2

< ' P ' P = f (k ) ((b A (1 o f)
8  8 (k A. . (34)3)1 _ _8 _ 1_

x ( 1u5 ,,,Pl u Here uA
3 

and it. are periodic parts of the hole and

electron Bloch functions at the conduction-band

minimum. The conduction-band minimum is in
,,iC.M-C, . ). (32) the z direction (a [111] direction).
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BE dissociation energy. This energy only effects the (probably less than 2°K) photoexcited carriers in Ge
iterated wave function illustrated in Fig. 1 for JKla form electron-hole drops.
1 0.5 and does not come into the actual A,iger calcula- 

25H. Nara and A. Morita, J. Phys. Soc. Jpn. 21, 1852
tlon at all since we use the hydrogenic fcrm in the (1966).
small-IKI region. ND. Brust, Phys. Rev. B 5, 435 (1972).

t8E. F. Gross, B. V. Nokikov, and N. S. Sokolov, Fiz.
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AUGER AND RADIATIVE RECOMBINATION OF ACCEPTOR
BOUND EXCITONS IN SEMICONDUCTORS

G. C. OSBOURN, S. A. LYON, K. R. EujOrr,
D. L. S mIh and T. C. McGiLL

California Institute of Technology, Pasadena, CA 91125. U.S.A.

Ahbirme-We report on tbeoretical and experimental study of acceptor bound exciton recombination. We present
calculations of phononless Auger and radiative recombination in direct and indrecz band p materias. We
consider hydrosenic acceptors in the direct band pp material Hs1_.Cd.Te in which the band pp can be varied by
chan ing lloy composition. We present calculations of the Auger transition rate and no-phonon oscillator strengths
for the common acceptors in Si and Ge. We have measured the bound exciton ifetimes and no-pbosoo osciator
strenphs for the acceptors in Si and find reaamahle agreement with the calculated values.

i. virroo spread in k-space about a point of maximum amplitude

A bound exciton (BE) is formed when an electron-hole at the conduction band minimum, with most of the
pair becomes attached to a neutral acceptor or donor. spreading due to the more tightly bound holes. Because
Once formed the bound exciton has a number of possible of the different points in k-space at which the BE wave-
decay modes available to it. Recombination can occur function is peaked, the Auger and radiative transitions
radiatively (with or without phonon assistance) as well as exhibit qualitadvely different behavior in indirect and
non-radiatively by an Augr transition (with or without direct pap materials.
phonon asstance)[t-81. The relative importance of In indirect materials, the initial state BE has a total
these decay mechanisms is dependent on the particular wavevector of maximum amplitude far out in the Bril-
semiconductor considered. At low temperature, decay louin zone. In the Auger transition, the final state is an
from a bound exciton state is often the principal decay ionized acceptor with a hole at a k-vector that lies on a
route of a nonequilibrium concentration of electrons and surface of constant energy detemined by energy
holes. In indirect band gap materials, BE recombination conservatio. The Auge transition depends on the am-
can be dominated by the Auger transition 1l-8]. Lightly plitude for the BE to have k vatues that are accessible to
doped Si is an example of an indirect material in which the final state hole. Since the BE wavefunction peaks
Auger transitions from bound exciton states provide the near the zone edge and the final state wavevector is not
dominant decay mechanism for a non-equilibrium as far out in the zone, the A rate will depend
concentration of electrons and holes[3, 7, 81. In Ge, sensitively on BE wavefunction spreading in k-space,
however, small concentrations of acceptors or donors do with faster rates corresponding to larger spreading. In Si.
not significantly affect the decay rate of a nonequilibrium there is a lag spreading of the BE wavefunction
concentration of electrons and holes[91. In direct pp because the holes are well localized about the impurity;
materials, radiative decay of BE is generally larger than this leads to fast Auger rates. The different acceptors in
Auger recombination(10. For small band pap direct Si have significantly different binding energies. and they
materials, however, Auger recombination can be faster localize the BE holes by varying amounts. Increased
than radiative decay. localizaoti leads to more k-space spreading. so that

To understand and compare the Auger and radiative there is a rapid increase in Auger rates with increasing
decay mechanisms in both diect and indirect emcon- acceptor binding energy. In Ge. the holes in the BE are
doctors, we calculate their tanition rates for the com- bound weakly to the impurity, so there is small k-space
mon acceptors in Si and Ge (indirect) and for hydrogenic spreading and slow Augr rates. The calculated lifetimes
acceptors in Hg,_.Cd.Te (direct). HgS_.Cd.Te provides for this transion are too slow to be important in Ge.

a particularly interesting case because the band pp can For radiative transitions in indirect materials, k is
be varied by changing the alloy composition( I1. Some conserved, so that these tansitions require large k-space
of our results for Si and Ge have been previously spreading of the BE wavefunction or pbonon assiatnce.
published[3, 7, 12), and we review these results here Since the pbononless radiative transition requires k-
briefly for comparison with the direct band gap case. The space spreading, it depends on acceptor type in a manner
calculations for the direct ap material Hg,-.Cd.Te have similar to the Auger transition (alhough less sensitively).
not been previously discussed. The photon assisted radiative transitions do not deon k-space spreadin ad tdnon assand oscilator

L. QUAWxATM MM itrengths ame nearly independet of ue tp[13], In
In the acceptor B& there wre 2 holes near the valence Si, the relatively strong localization of the bole& in the

band maximum and I election near the conduction band sceeptor BE camss the no-pbom oscln str ngths to
mienmum. This lads to a BE wavefuncdon which is be comparable in maatd to the pbooon asisted
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oscillator strenaths|13]. In Ge. the holes are weakly .
bound to the acceptor and no-phonon optical transsiions Bound Exciton
are not observed for the acceptor BE9]. 0° Auger Lfefirne

For direct gap materials, the BE wavefunction is Acceptors in S,
peaked at the zone center. In the Auger tranition, the .

final state again has a wave vector that lies on the 0o *

surface of constant energy determined by conservation .
'

of energy. The Auger rate again requires k-space A At0

spreading to be significant, but the spreading required is ,Go
only over a small portion of the zone for small band gap r

materials. The dependence on spreading leads to a .
dependence of the Auger rate on acceptor type with i ! '
increasing rutes corresponding to incritasing acceptor 'F J

binding energies. For a fixed acceptor, the Auger rat 0 1
also depends on the size of the band gap. As the band * Ene,,ei I0
pp decreases, the final state wavevector gets closer to 0 Teo,
the zone center, so that smaller k values in the BE 0-,O
wavefunction contribute. This provides larger amplitudes __________,_,_._......

for the initial and final state k values to match up so that 40 60 80 100 12c 14C 16C
the AW rat increases with decreasing pp. Acceptor Binding Energy (meV)

For direct gap materials, radiative decay can be very F t. Round exciton lifetimes vs Impurity bindn enery for
fast because phonon assistance and large wavefunction the four common cemptors in Si. The hollow squares are our

calcnaovns of the Auger lifetim and dhe solid circles are our
sprea are not necessary. The ra ive y mmsured values. In Si: In. we have only been able to set an upper
depends on the overlap of the electron and hole wave- boundou de measured ietime of 5 oew (indicated by the top of
functions. This leads to a dependence of the radiative the arow). SchMdI8 his recently found s measured lifetime of
transition rate on band pp because as the pp decrea s, 2 MW for Si:ln.
the electron effective mass becomes smaller (from k- p
theory) and the electron Bohr radius increases[141. As a Uode slower than the free exciton lifetimes115]. We
result, the overlap of electron and bole wavefunctions conclude that the pbononiess Auger transitiot does not
decrease as the pp decreases. In addition, the density of determine the lifetinees in Ge. This result is consistent
pboton states decreases with the band pp further reduc- with the observation that light doping of Ge with shallow
ing the radiative ransition rate for small pp materials. acceptors has little effect on the lifetimes of photoex-

The dependences of the Auger and radiative decay cited carriers 191.
rates on band gap size cause the radiative decay to be The details of the calculation of the no-phonon oscil-
dominant for larger gps and the Auger decay to be boar strengths have been discussed elsewhere[7], we
dominant for smaller gaps. At some pp size a crossover state the result here. In Table I we present the cal-
will occur. We estimate this crossover pp for culation results for Si and the observed results for Si.
Hsi-.Cd.Te (in which the pp can be made rbitarily Tlhe experimental details have been presented
small as x gets small) with a hydrogenc acceptor and elewhere1121. We also show the no-pbonon radiative
find a crossover at a pp of about 0.5eV (or x -0.4). ietme determined from the measured oscillator

strengths (2) and the radiative efficiency of the no-phonon
S Ii SAN D flf AI transition. We see that the no-phonon radiative efficiency

The details of the calculation of the BE Auger rate for
indirect materials have been previously aued17, ad Table. Nophoceoio'te nhsd no-po rdvifetimes for acceptr boud excion i S 1 Tesciatr strents
we will just state the result here. The values of the BE a de_4wd by/, the Ieimes by r sad the so-bowo radiative
lifetime r calculated for each acceptor in Si ae presen- siescy by i:, mad il we determined by de mesured f
led in Fg. I along with the experimentally observed BE
lifetimes. The experimental procedure used to meur f f it

the BE lifetime has been described elsewhere[3). The meurd calculuted (sec)

ageemeat of the calculated lifetimes with experument is1 '
res onble (within a facts'r of 3 in all cases), and we $.s 1-2-o . 1

- .- 1o- -7.10
"3  

-1.10
4

conclhe that the BE lifetimes in Si we deterWned by
the phononless AW transition. We have also estimated MAI 5.10"6  3.6.10-6 2.10 4.10- s

the Auger rate for Si:TI usig the meuasured oscillator
strehs and the radiative efficiency determined by 51:6, 7.10 "  9.o-o "4  1-10 "1 4.10

"s

comparing the itnsity of the BE luminescece in Si:T1
with that of Si:.d in which the radiative effiency is sI::, e-to s  g.3.o s  1.1o -  t.o s

known(3, 121. We And that the Auer lifetime in Si:Tf is
between 75 ad NOpeec. sIMfl 4.1o"  .... 2.10 s  .4,o"

The calculated After lifeimses for acceptor BE in Ge _______________

we all greater then Ir'sec, which is 2 ode of mapi- "1f. 13.

1
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drp as t acceptor bindin enery incrase. The AM* f s
calculated results for Stagree within afactoro 2 with alrU 3 (QE +&J
the experimental results except Si: B. whicht is wihn Whr
about a factor of 4 of the observed value.

For Ge. the calculated mophsomn oscillator str111ngths1 P2 2mrMm. (2b)
are very small (less than 2 x 10' inal cames). The P IN;Krlr 1
stmal oscilator stresglhc are due to the weak binding of
the bales to the acceptor. mshe BEm Ge andaam and Ais the eaegy dilerambetwsonthetop of the
consistent with the fact that no-honon opica no- valence band ad the split off hand.
titian, have no been observed for acceptor BE inGeI9). The milts of the BE Auger hifetimes as a function of

For the direct bond pp case we have calculated the band papn weIentd in Fig. 2. The Auger litaes gt
* BE Auger and radiaie decay rates for a hydrogeni very short for mml gpm ad rapidly mcessm webh

acceptor as a function of band pp for the alloy increasing pap. The vario parameters used m the
Hgi-.Cd.Te. in which the band pap can he varied with computation we given in Table 2.
coanpositionjill. The details of the calculatons are
somewhat different than the indirect pap cane because.
the conduction bad minimum is at the zone cente.
Here, we wil concenrat on the smae pap alloys. For ftdov.e ond tAuge.

these materials, the band pap is less thuan the energy L~fi"S to, cceaoo

separation betwee the top of the valence band anid the Der Gow Case

off band is no an accesibe final state. In this cal-
culation we appoximat the liht and heavy hole bands0-
by a single paraboli valence bad. We take the acceptor 3
binding energy to be independent of a&Boy concentration i--

for the range of x considered since this bebavior has -

been deserved experimmentaly(161. .
Proceeding as in the indret band pp case, we find D-9

the Auge rate to be

I . 2eA (32)f I l~.,,) ( _
= ~r ~ N\ )II.I)? (Ia ia' /-Ro~OIOIe iel-me

(A~Kf (lb)i3) --- Auge. L-fe'me

0 0.2 0.4 0.6 0A
Here & isthe energy of te final hole state and Bond Gap (eV)

Fwn 2. Radiative and Anger Iramslo raes for an accepto
2 bound exciton in te direct ap mateial 14S1.CdTe vs the band

Inrx -z,)+ j (Ic) Table2I Pvamtrndthe A Wndraa d ative amataaara
ILz F +z)T + IJ calculaticat for 11al-.Cd.Te

where 0 a
j - la c 14.6

and k, is the final state hole wavevector. We detemine *22 1 .
the electron and hole Bohr rai (b and it, respectively) a -ulp'ul> 'aQ
from a variational calculation. For the hydrogenic ac-
ceptor the hole BEfBohr radius is22 A (Wepeadentof a I aV

* do~&y coaceabadoas for the sml gap alloy caae) and the
elecron BE Bolhr radius varies with the alloy band pap @ltd It
from 130 to 730 A for the rnge of alloy gpm 0i-O.14eV. rceiga nst mietp ae efn h
Because the electron elfective m- is much sar than Posf si h nb a atw a hU the6 hole effective Mass, the hole Bohr radim is nearly ao-pbonon oscilato strength to be
that for the H- ion, that is a - (1611 )cA where eA is the2
acceptor Bohrisrdius and the electron Boli radiues as-
nsuly that for the neutral domor IU ele I g - -riPeffective

mmssis determined hotthe rest (k ppaturbsion r g 'A r ~ ~ 1



1342 G. C. Omnou M .aL

The rafiative awaiuic rae is determined from the 2 P. J. lDum LA. Fiaw,. S. K nu md 3. lims. Pays.
osc~ato 1, III 19. (1971).
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ad Pces the Agr lifetimes at a pp of about 0.5 eV. 6. P. T. Lmdrgs sad M. J. Admn Pow. .Sac. Ls AInd.
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BOUND EXCITON LIFETIMES PO ACCEPTORs Iw si

S. A. Lyon, G. C. Osbourn, D. L. Smith and T. C. NcGill t

California Institute of Technology
Pasadena, California 91125

We present measurementa of the bound exciton lifetime for the four
conmon acceptors in Si and for the first two bound multiple exciton
complexe in Si:Gs and Si:A1. We present a calculation of the Auger
transition rate for the acceptor bound emcitons in St which accounts
for the observed lifetimes and their dependence on the acceptor type.

A great deal of interest has recently been culatlon accounts for the strong deapendence of
shown in the properties of bound excitons (BE) the BE lifetime on acceptor binding energy and
in Si. This interest has been stiumulatd, in is in approximate quantitative agrement vwith
part, by the observation of a large number of the memaured lifetimees.
related mission lines (whose phym,!cal origin Experiments were performed using samplee
is not certain at present) in Si doped with of Si prepared by lapping and then etching with
the cimno shallow donors and acceptora. The i30 3 :EF (6:1) and cleaning with methanol. The
current explanation for these mission lines 2 ample was placed in a variable temperature
(this e"planation is not universally accepted ) helium cryostat and bath temperature was me-
is that they are due to recombination of an mued using a Ge temperature sensor in the emm-
electron hole pair In a complex of several ex- ple block. The ample was optically excited
citons bound to a single impurit, a bound with a GaAs lser diode. The laser spot din-
multiple exciton complex (INKC).1 If this ax- meter on the smaple was approximately 1 m. The
planation is correct, the energy position of BE luminescence (TO phonon line for St:B, zero
the mission lines are such that the binding phonon line for SI:Al, Si:Ga and Si:In) was
energy of the last exciton in a complex in- selected with a Spas 1400-11 spectrodeter and
creases with the number of excitons already was detected with a cooled S-1 photomultiplier
bound to the complex. Thus, the smaller com- in conjunction with a gated photon counting aye-
pleas are thermodynamically unstable to form- tem. The Minimum system response time wes
tion of larger complexes. Since the small cam- tested by measuring the fall time of the laser
plexas are observed and the maximum binding pulse; it was approximately 5 nsec. In mse-
energy is not reached, the relative concentra- suraments on Si:B, a 200 unsec gate was used;
tion of complexes of different sizes must be de- for Si:AI,Si:Ga and Si:1nthe 5 neec gate was
ternined y kinetics rather than energy consi- used. The laser excitation power was selected
derstlon8 . Thus. it is important to under- so that the BE luminescence dominsted the spec-
stand the decay and formation kinetics of bound true. Thus, the results should not be compli-
excitons. cated by exciton capture and INEC decay. The

In any discussion of BE and NEC kinetics, decay of the BE luminescence was exponential for
the bound exciton lifetime will play an Impor- over an order of magnitude drop in the Inten-
tant role. In Si, BE lifettmes havi been mae- sity.
mired for the donors Li , P and As ; among ac- The measureents were made at 4.2'K and 10'
captors, only the lifetimes for B1 has been K. There was a small increase in the observed
reported. In this comunicetion, we present lifetime as the temperature was raised to 1OK.
measurements of the BE lifetimes for the four This increase Is most likely due to dinsocia-
cliein acceptors In Si ( , A , Ga e nd In) and tiur of the BE in SI:B ly the higher temera-
lifencmep of the first two BlC In S:AI and turn. (There was a resonably lar g free ecl-
Si:Ga. (For Si:In, we are only able to met an ton mission signal at 10"K, but this mission
upper limit on the BE lifetime). We find very signal was very weak compared to the BE mis-
different lifetimes for the BE associated with sion at 4.2*K.) In the case of Si:Ga, the BE
the different acceptors; the lifetimes decrease has a excited state 1.67 meV above the ground
rapidly (by about three orders of magnitude) as state

. 
At lOK this excited state Is popul-

the binding energy of the acceptor increases. ated with a probability comparable to that for
The lifetime of the acceptor BE in Si is the ground state. If the Auger rate for the

most likely lited by Auger transitions in excited state is slower than for the ground
which an electron recombines with one of the state, population of the excited BE state in
holee in the BE and the energy is carried off Si:Ga (as well as exciton dissociation) can in-
by the second hole. We present a calculation crease the observed lifetime as the temperature
of transition rates for this process. The cal- is raised.

* Work suppotted in part by A7OS under Grant No. 77-3216.
t Alfred P. Sloan Foundation Fellow.
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Table 1: esasured lifetimeo for bound excitons (BE) and bound multiple exciton complexes for
acceptors in St; b and b label the first and second RMC, respectively; IA is the
acceptor binding eirgy lid NA is the acceptor concentration.

r(4.2*1) r(lOOK) 2A A xzcitation Conditions

Si:(E) 1.0 uMc 1.15 isec 46 mV 2'10 15c-3 6 usec at 0.1 watt

SI:Al(U) 104 nae 67 meV 5'1 1 4 cm 3  
350 mac at 0.5 watt

b1 (J-2) 59 asec 5.10
1 4

cm'
3  

350 nsec at 0.5 watt

b 2  46 amec 5'1ol4cm' 3  
350 nsec at 0.5 watt

3:62(nE) So none 67 noe 71 meV 3"1016cm"3  350 noec at 0.5 watt

b1 (J-2) 39 sat 2.10e5¢c "3  
300 nac at 0.5 watt

b2  35 asecs 210 1c3 "  
300 noec at 0.5 vatt

SI:In(E) <5 naec 154 meV 2.1016 200 naec at 0.5 watt

a) The b2 line for Si:Ga was very weak and there was a background which decayed with a 47
nnec lifetime beneath it. The presence of the background may cause the measured decay
time to be somewhat larger than the actual lifetime.

The maaured BE lifetimes for the four ac- are peaked at the zone center and that for lec-
ceptors are listed in Table I. We have also trns is peaked at the conduction band minimum,
listed the decay time for the first two uuc in the total wavevector for the BE is peaked at the
Si:Al and Si:Ga. The result for Si:D at 4.2"] conduction band ainianm. This point is rather
is Identical to that previously reported1 . (We far, In K-space, from the constant energy sur-
did not manure the IMC decay for Si:3 because face accessible to the final state hole. Thus.
they are already available in the literature

1
.) spreading of the BE vvefunction, In K-space,

The BE exciton lifetime in Si:In was shorter is essential for the Auger transition to occur.
than our system response tim, and we can only For the acceptor BE, the holes are more highly
set an upper bound on it, localized in space than the electron and the

Prom Table 1, we see that the BE lifetime spreading of the SE wavefunction in X-apace Is
decreases rapidly as the acceptor binding energy due primarily to the holes. The extent of this
Increases. This behavior is similar to that ob- spreading depends on the impurity, it increases

sa the binding energy of the acceptor increases
served for acceptor 5 Zlifetime in GP.7 This because the holes are more strongly localized in
effect can be understood as due to an increased space for the more tightly bound acceptors.
spreading in K-space of the BE vavefulction as In principle, it Is possible that the Auger
the acceptor binding energy Increases . To quan- transitions are phonon assisted. If this were
tify this idea, we have carried out calculations the case, the phonon would supply the wavevector
of the BE Auger rates for acceptor BE in Si. The necessary for the transition to occur and the
details ol these calculations will be presented transition rate would not depend on the K-space
elsevhere , here we give the physical picture spreading of the BE wavefunction. Thus. one
and the results of the calculation, would expect the phonon assisted Auger rates 10

Fro time dependent perturbation theory, be insensitive to the acceptor type. Since the
the BE Auger transition rate is given by observed lifetimes are, in fact. very sensitive

E iw 2 8 to the acceptor type, we believe the Auger tran-
2 I-' ( E , stitions occur without phonon assistance.

here IF> is the finel state which consists of a The bound exciton wavefunction can be vu-t-
free hole, i1 > is the initial state which con- ten as a linear combination of determinants
stats of two holes and en electron bound to the which contsin two holes and one electron
charged acceptor and the interaction which leads > Z . A- ' Oe.k h )
to the transition, V, Is the Coulomb interactionke kh k'kh, (2)
between the carriers.

The ginal hole state is an eigenstate of As a first approximation, the Fourier transfort
wevvector. The possible final states are re- of the amplitude function, A, can be obtained
stricted by energy conservation. The initial BE from effective mees theory. To describe the
state is not an aeanostate of wavevector because interaction of the carriers with the charged
the carriers are localized in space by the In- acceptor, we used a Coulomb potential with L
purity potential. Tn order for the Auger tren- short range spherical well. The strength of
sition to occur, the initial BE state mat have the short range well for Al (same core strut-
an amplitude to contain wavevectore which are ture as Si) was taken to be due only to the
accessible to the final stat. hole. Because the wavevector dependence of the dielectric func-
wevefunction for the holbs in the BE in K-apace tion. Por the other impurities, it was ad4us-
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ted to produce the known acceptor binding ener-
gies for a hydrogenic acceptor weefunction.For the BE wsvefunction. a variational fare o-5 Auger Lifetme

A(k,kh.k) - fa(kh) fh(kh) fh(k ) (3) 0 Acceptors in Si

eas chosen. Here f is the Fourier transform of 93
a Is hydrogen function 1 i0-6 *

f1(k)- z . 7 E AID
0

VF (hz + Mle 1))z z"t - 7 o

Here a is the Bohr radius and the subscript "J
refers to electrons (i-a) or holea (i-h). c

The Bohr radii were chosen by a variational cal- .
culation. For more strongly bound acceptors,
the hole Bohr radius ioe sealer corresponding
to a greater spreading in K-space.

There are coractione to the effective 10.
mase approximtion for wavevectors far from the * Expermeni In

band extreme because the carrier dispersion 0 Theory
curves are no longer parabolic. We take these
corrections into account by substituting the o010
hydrogenic form into the Nortres equation for
the hole the BE I
f M h Iu 40 6C 80 100 120 140 !60

fh(k) C E(k) k' fk Acceptor Binding Energy (meV)

Here C(k) is the hole dispersion curve, 9 is
the one hole Hartree energy, V is the Hartree Fig. 1. ound exciton lifetime vs impurity
potential seen by the hole (computed taking the binding energy for the four comon acceptors in
hydro-enIc forms for the carrier wevefunctions) Si. The solid circles ere measured valuea and
and ff is the hydrogenic form for the hole wave- the hollow squares are calculations of the
function (Eq. (3)). The hole vavefunction pro- Auger lifetime. For Si:In, the lifetime was
duced by this procedure differs from the hydro- shorter than our system response time, and we
gen form in that it has a longer tail region at can only set an upper limit on it.
large k. (This tail is due o the fact that
r(k) increases slaver than k" at large k.) In
the region of K-space where the two functions sensitivity of the calculated lifetimes on the
are large, they are nearly equal. BE wavefunction, we consider this agreement to

The BE vevefunction was tested by computing be reasonable.
Sumarizing, we have presented measurementsno-phonon oscillator strengths. For Si:Al,Si:Ga of the BE lifetime for the cione shallo ac-

and Si:In, the results wet within a factor of o th ifend for the cmrs alyow c-

two of the measured result . For Si:B, the cON- ceptors In Si and for the first two SNEC In
puted oscillator strength was about a factor of Si:Al and Si:Ga. The lifetime of the BE waspur oclltos tengdute was suafatore ofl found to decrease rapidly as the acceptor bind-
four too large. We adjusted the square well
potential to produce the mesured oscillstor ing energy gets larger. We Interpreted thestrengths lifetime as being limited by phononless Auger

The Auger transition rates for the acceptor transitions. We presented a calculation of the

BE was computed using the wavefunction descri- phononless Auger rate for the acceptor BE in Si

bed above. The d:Jails are complicated and will which produced the observed dependence of the

be given elsewhere
. The results of the calcu- lifetime on acceptor binding energy and is with-

laion Sr. son in Fig. (1). The calculation in about a factor of three of the measured life-
lotion~~tme are absolut magnitude.hclclaio

is seen to describe the observed dependence of times In absolute magnitude.

the lifetime on acceptor binding energy reason- Acknowledgement- It is a pleasure to acknow-
ably well. The computed lifetimes are largsr ledge W. H. Winston and M. H. Young from the
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in direct-gap semiconductors

G. C. Osbourn and D. L. Smith
CrdifoArn0 Insn,,1MM of TrehnojoXv. PagSodpn. Califorma 91125

(Received 5 March 1979)

We present calculations of the Auger and radiative recombination rates for acceptor bound
excitons in the HgCdTe alloy system and in GaAs. The transition rales are computed as a func-
tion of band gap in the HgCdTe alloy and as a function or the acceptor binding energy The
Auger rate is found to increase and the radiative rate to decrease with increasing acceptor bind.
ing energy The radiative recombination rate is found to increase with increasing band gap
The Auger rate decreases with increasing band gap except when the band gap first exceeds the
spin-orbit splitting in the valence band and (or band gaps less than about 0.2 eV where the den-
ity of final hole states and the electron-hole overlap becomes small. We find that Auger
recombination is dominant for hydrogenic acceptors in HgCdTe for materials with a band gap
less than about 0.35 eV and radiative recombination is dominant for larger gap materials. For
deeper acceptors, this crossover occurs at larger band saps. For GaAs, we find that radiative
recombination dominates for all reasonably shallow acceptors.

I. INTRODUCTION direct-band-gap materials has been previously studied
theoretically by Rasba and Gurgenishvii.6. ' We use

A bound exciton (BE) is formed when an a different model for the BE wave function than used
electron-hole pair becomes attached to a neutral im- by these authors, but our results are qualitatively
purity. At low temperatures. recombination from similar to theirs. Except for a simple model calcula-
bound-exciton states is often the principal decay tion by us," ) we are unaware of previous calculations
route of a nonequilibrium concentration of electrons of Auger recombination of BE in direct-gap materials
and holes. There are two main decay mechanisms The paper is organized in the following way: in
available to an exciton bound to a shallow neutral im- Sec. Ii we discuss the qualitative behavior of Auger
purity: Auer''- recombination and radiative recom- and radiative transition rates for acceptor BE in
bination,"' The relative importance of these two direct-gap materials; in Sec. Ill, detailed calculations
decay processes depends on the semiconductor and are presented; Sec. IV contains a summary of our
on the impurity. In indirect-band-pp materials, radi- conclusions.
alive recombination is rather slow and the Auger
mechanism usually dominates the recombination.3- 7  Ii. QUALITATIVE BEHAVIOR OF AUGER
In direct-band-gap materials, radiative recombination AND RADIATIVE TRANSITIONS
is quite fast and may dominate the recombina-
tion.1 - 2 Auger recombination of bound excitons in In the acceptor BE there are two holes and one
indirect materials has recently been studied theoreti- electron bound to a charged acceptor. In direct-
cally by the present authors' and by Schmid.! band-gap materials, the electron effective mass is

,' this paper, we present a theoretical study of generally considerably smaller than the hole effective
Auger and radiative recombination of excitons bound mass. As a result, the two holes are bound relatively
to shallow neutral acceptors in direct-band-gap semi- close to the acceptor and the electron is not as local-
conductors. We consider the dependence of these ized as the holes. In a k-space picture the holes are
two transition fates on the band gap of the semicon- relatively spread out about the k -0 valence-band
ductor and on the binding energy of the impurity, maximum and the electron is relatively well localized
We concentrate on the alloy system Hg -rCdxTe. near the k -0 conduction-band minimum. In the
This is a particularly interesting system because the HgCdTe alloy system, the electron effective mass is a
band gap can be varied by changing alloy composi- sensitive function of the material band gap (alloy
tion. We also present calculations for GaAs. We composition). FromE -k perturbation theory, the
find that radiative recombination dominates Auger electron effective mass decreases with decreasing
recombination for shallow acceptors except in rather band gap4
small-band-ap materials (E, _<0.33 eV). In these I
small-band.gap materials, the Auger rate is dominant. (I- I + a)
Radiative recombination for bound excitons in , - 4 + (

O 1556 0197 The Amerian PIhysim Society
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where that this change in slope or the transition rate occurs
at about 0.2 eV for hydrogenic acceptors in the

P1--1S1P1X11(I b) HgCdTe system. When Es first exceeds the spin-
Of orbit splitting of the valence band (A - 0.9 eV in

Here in, is the electron effective mass. E, is the HgCdTe). final states in the split-off band with k1
band gap. A is the spin-orbit splitting. m is the free- near the zone center become available. There is a ra-
electron mass, S and X refer to periodic parts of the pid increase in the Auger transition rate when this
Bloch functions at the conduction-band minimum new set of final states becomes accessible. As E,
and valence-band maximum (without spin-orbit split- continues to increase, the possible values or kf, be-
ting) and P is the momentum operator. The hole ef- come large and the transition matrix element and
fective mass and the static dielectric function of the hence the transition rate decreases.
material are only weakly dependent on band gap. The extent of the spread in k space of the BE wave
Thus the acceptor binding energy and hole wave function depends on the strength of the impurity po-
function in both the acceptor and the BE are not tential. Stronger impurity potentials (resulting in
strongly dependent on the alloy composition.Is larger acceptor binding energies) lead to an increased

In the Auger transition, the initial state is the BE localization of the holes in the BE in position space
and the final state is a free hole in an accessible and hence an increased spread of the BE wave func-
valence band. The heavy and light hole bands are al- tion in k space. For those values of the band gap
ways accessible. If the band gap is greater than the that have final states with large A1, an impurity with a
spin-orbit splitting of the valence band, the split-off stronger attractive potential (hence larger acceptor
valence band is also accessible. Energy conservation binding energy) will have a faster Auger rate than an
requires that the energy of the final state hole ineas- impurity with a weaker potential. For those values of
ured from the valence-band maximum is approxi- the band gap that have final states with small k1, the
mately the band gap. The dominant interaction Auger transition rate does not depend strongly on the
responsible for the Auger transition is carrier-carrier impurity potential.
scattering which conserves total wave vector."' Thus For radiative transitions, the BE is the initial state
the transition rate depends on the amplitude for the and the neutral acceptor is the final state. Radiative
BE to have wave vectors which are accessible to the transition rates decrease monotonically as the band
final state hole. This amplitude depends on the gap is decreased. There are two reasons for this de-
strength of the impurity potential and on the band crease in the radiative transition rate with band gap:
structure of the semiconductor. first, the density of final photon states is smaller for

In direct gap materials, the k-space BE wave func- the lower-energy photons emitted from the small-
tion is peaked at the zone center and falls off with in- band-gap material, second, because the electron ef-
creasing IA k . The possible values of the final state fective mass is small in small gap materials the
hole wave vector (k1 ) depends on the band gap of electron-hole overlap is small. The radiative rate also
the material and on the valence-band structure. For depends on the strength of the impurity potential.
materials with a very small band gap, the final state The holes in the acceptor BE are bound close to the
bole will be in the heavy or light hole band near the impurity and their wave functions are sensitive to the
zone center. For these very small gap materials, the short-range part of the impurity potential. The elec-
amplitude of the BE wave function to contain wave tron is bound relatively loosely about the impurity
vectors accessible to the final state hole will be large. (held in the complex by its interaction with the
However, for very small Sap materials the density of holes) and its wave function is relatively insensitive
final hole states is small and the electron effective to short-range parts of the impurity potential. As the
mass is small. Because of the small electron effective impurity potential becomes increasingly attractive to
mass, the electron is weakly bound to the BE and is holes, the hole wave function will be more closely
not well localized near the holes. As a result of the bound to the impurity. As a result, the electron-hole
small density of final states and the small electron- overlap will decrease and the radiative transition rate
hole overlap, the Auger transition is slow for very will decrease.
small gap materials. As E, increases from zero, the The radiative lifetime is a monotonically decreasing
density of final states and the electron-hole overlap function of band gap. The Auger lifetime is a more
increase so the Auger transition rate increases. As complicated function of band gap, but for most
E, continues to increase, the possible values of k, be- values of the band gap it is an increasing function.
come large enough that the amplitude for the BE As a result, radiative recombination tends to domn-
wave function to contain k1 becomes small. As a mnate in large gap materials and Auger recombination
reult the transition matrix ele'ievt begins to de- tends to dominate in small gap materials. The radia-
crease rapidly, overcoming the effects of the increas- tive lifetime is an increasing function of acceptor
ing density of final states and increasing electron-hole binding energy; whereas, the Auger lifetime is a de-
overlap, and the transition rate decreases. We find creasing function of acceptor binding energy. Thus,
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in large-band-gap materials (where radiative recombi- where O(k m2 ;ko,) is a Siater determinant
nation is dominant), the lifetime increases with ac- with the valence-band states (k,,m,) and (km2)
ceptor binding energy and in small gap materials empty and the conduction-band state (ka,) occu-
(where Auger recombination is dominant), the life- pied. Here m, and m2 label the four hole states de-
time decreases with acceptor binding energy. generate at the valence-band maximum, a, labels

electron spin. J is the total hole spin with projection
M in the BE, the coefficients C are closely related to

Il1. CALCULATION OF AUGER AND RADIATIVE Clebach-Gordan coefficients,' and f, and f, are the
TRANSITION RATES amplitudes that a given hole and electron state are

contained in the BE wave function. Taking the BE
From time-dependent perturbation theory, the envelope function as a product form in Eq. (3) is

recombination rate of a BE due to a perturbation v is equivalent to neglecting correlation in the BE. Corre-
given by lation must be included in binding-energy calculations

for the BE in order to have a stable complex. But no
1 2.. [(FIvIl)l8(E,-E,) cancellations, such as the large cancellations between

l- (2) kinetic and potential energy terms which occur in

binding-energy calculations, occur in the transition
rates calculated here. Thus the simple product form

where 11) is the initial BE state and IF) is the final should be adequate to give a reasonable estimate of
state (free hole for Auger transition, neutral accep- the dependence of the transition rates on band gap
tor and photon in the radiative transition). We take and acceptor binding energy.
the BE wave function to have the form For Auger decay of the BE, the final state contains

a free hole and an ionized acceptor. The Coulomb
I/) - CJ-tf.(k,)f.(kf,)(k.) interaction between carriers is responsible for the

I Auger transition. The transition matrix element has
the same structure in direct-band-gap materials as for

X *(kanli;k;mT2;keo,) (3) indirect-band-gap materials discussed previously'

(Ffk,)f, (k)f.,,,..,.,, , '(2,, +Ike 4, -jk,) (CJ -,Ju. (4)

e 4lkf - ka11  
0102 0201

Here v is the dielectric function and the overlap in- function

terals U have the rorm' 7 f,(k,) - (20'P 8(14)(6

U f .,,,.,,,(() . 5)

where fi is the sample volume and u,. is the period- where b is the electron Bohr radius.
ic part of the Bloch function. For the overlap integrals U, we use the results of

We use the same approximations for the envelope Kane obtained from degenerate 1 -'P perturbation
functions f here as in the indirect case.' Tha impuri- theory." The discrete sums in the matrix element

ty potential is taken to be that of a negative point (ma, and m), the sum over final hole spins and

charge sce end by the static dielectric function plus a bands, and the average over initial states (labeled by
short-rnMe square well of variable strength. The J, M, and or,) can be performed in a straightforward
square well is used to account for short-range differ- but tedious fashion; the result becomes

ences in the potential of different impurities. As a 1 - 21r 1  (k) 8(& - E,(k1 ))
first approximation, the envelope functions i, and f, 3
are assumed to have a IS hydrogenic form with the

r electron and hole Bohr radii determined by a varia-
tional calculation. Corrections to the hole envelope +

functions, due primarily to nonparabolic valence-band
structure at large k, are taken into account by itert- + 1 (7)
ing the Hartree equation for the holes in the acceptor
BE. The iterated envelope function is close to the
hydrogenic one at small k, but drops off more slowly where h, I, and S refer to transitions in which this fi-
at large .' The integral in Eq. (4) is simplified by nal state hole is in the heavy hole, light hole, and
the fact that the function f,(#,) is sharply peaked at split-off bands, respectively.
the zone center. We replace f,(k,) by a normalized 8 The integrals I are given by
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I,(kk) a - k) ()(k)

I btlk/)-1

+ ¢ 2 (kl - Vk lC.2 (kf)  ,(9b)
fh (kf- kfa (k ) a, Wk)(i ki k)a. (k A- k')a,2 4 1) +b. (kf - k')b b(k)

+ C,,2 (A. -k')c. 3 (k/)l ( 80)

Here if and k' are unit vectors, and the functions a.,, b,,, and c,, are those defined by Kane."

The form for the iterated hole envelope function is the same as that used fqr the Auger transitions in direct-
band-gap materials'

f, _t2  4w I 1 + 6 ' (9)
a (al)1 E(k)+E, k

2
+9 

2  a2(k2 +9/a2)2 6e 2/

where a is the hole Bohr radius, Ep is the BE iocali- strength is given as
zation energy, V is the depth of the short-range
square well, and R is the radius of the short-range f- 2 (IIPZJF)1 (12)

square well (taken to be half the nearest-neighbor

distance). The one-hole energy [E(k)I was taken as Here Eq. (12) is to be summed over the 12 degen-
a spherical average of the heavy hole band from a erate BE states and averaged over the 4 degenerate

tight-binding bond-structure calculation joined con- acceptor states. To evaluate the oscillator strength
tinuously to the parabolic effective-mass result at we use hydrogenic envelope functions
small k. The tight-binding parameters for HgTe and
CdTe were taken from Ref. 19; those for GaAs are F(k) - ar ( (13)
from Ref. 20. The band structure for the HgCdTe al- I A
loy was calculated in a virtual crystal approximation.
The integrations in the matrix elements of Eq. (8)
were evaluated numerically. The final state integral TABLE I. Parameters used in the calculation. All sym-
in Eq. (7) was evaluated numerically; the final state bols are defined in the text.
hole energies were taken from a tight-binding band-
structure calculation' The input parameters used in HIl -,CdTe GaAs

the calculation are summarized in Table 1.

In radiative recombination of the acceptor BE, the
rmal state is the neutral acceptor with a wave func- P 18 + 3x eV' b  25.7 eVt5

tion of the form . 15.1 -4. x 12.534

0ik 0.45 nrO 0.36 wr"

IF)- .F(k n) , (10) M, 0.067 mb

a 1.00-0.24x eVAr 0.35 eV'

where #(kn) is a Sister determinant with the Es 1.79x -0.26 eV.
,r 1.51 eV e

valence-band state labeled by (k.n) not occupied and Linearly interpolated'etween the HaTe and CdTe values.
F(k) is the hole envelope function. The radiative bp. Lawaetz, Phys. Rev. B 4. 3460 (1971).
decay rate can be expressed in terms of oscillator j. j. Dubowski, Phys. Status Solidi B 5. 663 (1978).

strengths by dK. G. Hamble an, C. Hilson, and B. R. Holeman, Proc.
, , Phys. Soc London 77. 1147 (1).
AK - (1 * A. Jedrzejczak and T. Diell, Phys. Status Solidi B 79, 691

7t Ig j c3  M (1977).
fReference IS

where ga is the degeneracy of the BE (12), SA is sj. R. Chelikowsky and M. L. Cohen. Phys. Rev. B 4. 556
the degeneracy of the acceptor (4), Sw is the photon (1976).
energy, n is the index of refraction, and the oscillator hFit to Zn acceptor bin'an energy EA -31 meV.
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where a, is the acceptor Bohr radius, and similar Es- 31 meV in the smallest gap case considered to
forms with Bohr radii b and a, for the electron and Es -46 meV in the largest gap casc the binding en-
the holes in the BE. The radiative rate is not sensi- ergy of the deeper acceptor varies between
tive to the large k part of the hole envelope function Es-38 meV and Ea -59 meV. The Auger lifetime
so it is not necessary to use the iterated form for the has a local minimum at E, -0.2 eV. it increases for
hole envelope function to calculate radiative rates. smaller E, because the density of final hole states
The calculation of the oscillator strength from Eq. and the electron-hole overlap in space becomes small.
(12) is straightforward and the result is The increase in the Auger lifetime for E. > 0.2 eV is

due to the larger values of k1 and the decreased am-
2 1 1 0z l jF plitude for the BE wave function to contain these

f (] +a la)3  a larger wave vectors. The sudden decrease in the
Auger lifetime at E, -0.9 eV is due to the fact that

I Ib) transitions in which the final state hole is in the
x(I +la)l jJ (14) split-off band first become possible at this point. The

Auger lifetime for the deeper acceptor is shorter than

The results of the calculation for Auger and radia- that for the hydrogenic acceptor because of the

tive lifetimes in HgCdTe as a function of band gap greater spread of the BE wave function in k space for

(composition) are shown in Fig. 1. The solid curves the deeper acceptor. The results for the radiative

correspond to hydrogenic acceptors (VR 3 -0) and the lifetimes in the HgCdTe case are also shown in Fig.
dashed curve to a deeper acceptor modeled by 1. The radiative lifetime decreases monotonically as
dR - 16.5 eVX3. The binding energy of the accep- the band gap is increased because of the larger densi-
Vrs depends 16. e het bnding the omposition ace ty of photon states and increased electron-hole over-

tors depends somewhat on the composition because lap in the larger gap material. The radiative lifetime
of the compositional dependence of i. For the hy- is larger for the deeper acceptor than the hydrogenic

drogenic acceptor the binding energy goes from
acceptor because the electron-hole overlap is greater
for the shallow acceptor. For band gap greater than

las

AUUGER
LAE. I0"*

io-J

- Hyrogeflc (V.0 RADIATIVE {
--- - VR 16.Sv-h

_ 3

lao I I I
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FIG. 1. Auger and radiative acceptor bound-exciton life- EA (eV)
times as a function of band Sap (composition) in the
HICdTe alloy system. The solid curves are for hydrogenic FIG. 2. Auger and radiative acceptor bound-exciton life-
acceptors and the dashed curves are for a deeper acceptor times as a function of acceptor binding energy in GaAs.
where the impurity potential is taken to be that of a The acceptor binding energy was varied by adjusting the
screened point charge plus a short-range attractive (for strength of a short-range square well added to a screened
holes) square well. The radius of the square well (R) was point charge to form the acceptor potential. A binding ener-
taken to be half the nearest-neighbor distance and V is the gy of 31 meV corresponds to a hydrogenic acceptor (no
depth of the square well. square well).
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about 0.35 eV for the hydrogenic acceptor and greater tor binding energy and semiconductor band gap. For
than about 0.43 eV for the deeper acceptor, the life- HgCdTe we find that the radiative lifetimes decrease
time is dominated by radiative recombination; for with increasing energy gap, while the Auger lifetimes
smaller gaps, the lifetime is dominated by Auger increase with energy gap except for E. Z 4, where
recombination. the split-off band first becomes accessible to the

The results for the Auger and radiative lifetimes in final state hole; and at E4 0.2 eV where the
GaAs as a function of impurity binding energy are electron-hole overlap and density of final states be-
shown in Fig. 2. The hydrogenic acceptor in this case comes small. The Auger and radiative lifetimes cross
has a binding energy of 31 meV (corresponding to for hydrogenic acceptors in HgCdTe at E, -0.35 eV;
the experimental value for the Zn acceptor in radiative decay dominates for larger band gaps and
GaAs). 21 The radiative lifetime increases as the ac- Auger decay dominates for smaller gaps. As the ac-
ceptor binding energy increases because the electron- ceptor binding energy increases, the cross over point
hole overlap is decreased with increasing acceptor between the two rates moves to hither band gaps.
binding energy. The Auger lifetime decreases with For GaAs, the radiative rate is much faster than the
increasing acceptor binding energy because of an in- Auger rate. As the acceptor binding energy is in-
creased spread of the BE wave function in k space for creased, the radiative rate decreases and the Auger
the deeper impurities. The radiative transition rate is rate increases. It is possible that the Auger rate
much faster than the Auger rate for reasonably shal- could become dominant for very deep acceptors, but
low impurities. The calculated value of the acceptor for reasonably shallow acceptors the Auger rate
BE radiative lifetime for the hydrogenic acceptor is makes a negligible contribution to the BE lifetime in
3.1 nsec; experimentally a value of 1.6 ±10.6 nsec GaAs.
(Ref. 12) is found for an exciton bound to a shallow
acceptor in GaAs.
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The results of photoluminescence studies of Hg, -, Cd, Te with x = 0.32 and 0.48 for
temperatures between 5 and 30 K are described. In the x = 0.32 and x = 0.48 material, band-to-
band, band-to-acceptor, and donor-to-acceptor luminescence lines are observed. We report the
first observation of bound-exciton luminescence in HgCdTe, which we observe in the samples
with x = 0.48.

PACS numbers: 72.80.Ey, 78.55. - m, 78.55.Ds

The results of a series of photoluminescence experi- lines which they attributed to band-to-band and band-to-
meats on Hg, Cd. Te for samples with x = 0.32 and 0.48 impurity transitions.3 The impurity was thought to be Hg
are presented. We report the first observation of the lumines. vacancies. 3 Recently, Osbourn and Smith' have suggested
cence from a bound exciton in Hg,.-2 Cd" Te. Other lines due that radiative reconbination should dominate nonradiative
to band-to-band, band-to-acceptor, and donor-to-acceptor Auger recombination of bound excitons for x > 0.4. These
transitions are also observed. results suggest that it should be easier to observe bound-

While Hg, Cd. Te is an important material for in- exciton luminescence in high-x samples than in low-x
frared application, I its luminecence properties have not samples.
been extensively investigated. Photo- and cathodo3-1umines- Our luminescence experiments have been carried out
cenoe spectra have been measured by other groups for sam- on samples of two compositions, one ofx = 0.32 with a band
ples with x - 0.3. They observed two broad luminescence gap near 0.25 eV, and the other ofx = 0.48, with band gap
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.. . . . .asymmetry is not particularly evident in the 9.2-K spectrum
,, ' ,given in Fig. 1, the asymmetry is evident in lower-tempera-

tre spectra (T- 5 K) where the band-to-band line is less
intense. This line is also wider than the higher-energy line,

/ having a full width at half maximum of 13 as opposed to 7
/ meV. The intensity of this line does not increase with pump

-/ / power as rapidly as the band-to-band line. The peak energy
- shifts like the band gap from 5 to 10 K, then shifts 2 to 4 meV
Z (depending on pump power) more than band gap from 10 to

30K.
o L , These properties suggest that the lower-energy line is
0.22 0.23 0.24 025 0.26 0.27 028 0.29

ENERGY (eV) due to donor-to'acoeptor luminescence6 at low temperatures
FIG. I. Photoluminescence intensity vs energy of emitted photon for and is produced by a free electron recombining with a bound
Hg.Cd32Te. The high-energy peak is attributed to a hand-to-band transi- hole7 at higher temperatures when the donors are ionized.
tion. The low-energy peak is attributed prinmarily to doaor-to-acceptor iu- The observed intensity variation with pump power supports
tescence below - 10 K, and band-to-acceptor lImcence at higher th

temperature. The fime structure seen on the Jaw-energy peak is due t e interpretation of the line as involving a bound hole: as the
sorption by water vapor. centers become saturated, both donor-to-acceptor and free-

to-bound line intensities should decrease in relation to a free-
near 0.5 eV. Spectra were measured for temperatures be- to-free line intensity. The observed shift in energy of the line
tween S and 30 K and average pump power, provided by a indicates a change from a transition involving only bound
mechanically chopped cw At' laser with S0% duty cycle, of carriers at low temperature to one involving a free carrier at
between 0.5 and 14 W/cml. Laser light was focused onto the the higher temperatures studied. This change is indicated
sample, mounted in a Janis liquid-helium research dewar. A because, if the lower energy line is produced only by donor-
heater and temperature sensor mounted near the sample in to-acceptor luminescence, the line peak would shift at ap-
the sample arm of the dewar allowed temperature control. proximately the same rate as the band-gap energy as tern-
The luminescence from the sample was dispersed with a perature is increased, for the entire temperature range.
monochrometer and detected with either an InSb (for In the x = 0.48 material, three luminescence lines (a
x = 0.32 material) or an InAs detector (for x = 0.48 materi- spectrum is shown in Fig. 2) are observed in two of our sam-
al). The.detector output was analyzed with a lock-in pies. One of these samples is lightlyp type, with 10t6 cm- Au
amplifier. atoms.' The other is lightly n type, with 10" cm-3 donors.' In

In thex = 0.32 samples, two broad luminescence bands the third x = 0.48 sample studied, only the low-and high-
are observed, as shown in Fig. 1. Two lightly p-type samples energy lines are observed. This sample is p type, with )0"5

were studied, each grown by loat-zone-refining polycrystal- cm- Au atoms.' All three samples were grown using the

line HgCdTe, annealed in Hg vapor to reduce Hg vacancies, solid-state recrystallization method, and were annealed in

and doped with 10"5 cm-3 Au atoms.8 The composition of Hg vapor to reduce the concentration of Hg vacancies.' The
these samples was determined by measuring the photocon- composition of these samples was determined by the amount

ductivity cutoff wavelength for a sample cut from the same ofthe constituents put into the melt before it was quenched.'

boule adjacent to the sample we studied.' The results of our The high-energy line is qualitatively similar to the cor-

experiments are similar for both our x = 0.32 samples. responding line in thex = 0.32 material. The peak ofthe line
The higher-energy line can be identified as a band-to- shifts about 7 meV between 4.7 and 30 K in all samples of

band transition by the variation in intensity with pump pow- x = 0.48 material studied. As pump power is increased from

er, and energy shift with temperature. The peak intensity of II_,_____________________
the line divided by pump power increases as pump power is V P.OOLUMINESCENCE SPECTuu OF "qC%.*t: PUMP: CW A,* LASER, .5w W m'k

increased. As pump power is increased by a factor of 5, the 2 T , 3X

ratio of intensity to pump power increases by 30% at 30 and :f
by 100% at 4.8 K. The peak ofthe line shifts to higher energy 5
as the temperature is increased. At all pump powers, the 1_n

energyshiftis 7.S eVingoing from -5to - 30K, ofwhich 0
only -4.5 meV is due to band-gap shift.' These observed >.
properties are consistent v it the interpretation of the line t
originating in a bend-to-band transition. The ratio ofinten-
aity to pump power Increases with pump power becase of z--O A

the saturation of centers that bind carriers. The energy shift 47 0.9 a[ 53 55 01?

with temperature (over that caused by band-gap hit) comes ENERGY (eV)

about because higher-lying free-electron and hole states are FIo. 2. Photouminemee inaensty vs amern of emitted phtn for
AIled as the temperature irs. H ,,Te. The high-anerg pik is attibuted to a eabd4o-band trni-

on. The low.eargy pek is attributed pimarily to donor-uooepmr In-The lower-energy line in Fig. I has a different appear- mmacence below -10 an d to band-to-acceptor lummc at higher
ance and behavior from the higher-energy line. It is distinct- t . The intamiedite-eaerg line ta interpreted as bound-eseiton
ly asymmetric, having a long low-energy tail. While the racmbention tummee.
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2 to 5 W cm -2, the intensity of the line divided by the pump tween the band-to-band line and the band-to-acceptor line
intensity increases by 30 to 100% (depending on tempera- extrapolated to zero temperature. The overlap between the
ture). This ratio of line intensity to pump intensity then stays band-to-acceptor and donor-acceptor lines and errors asso-
the same, or decreases slightly as the pump power is in- ciated with extrapolated to zero temperature cause some un-
creased to the highest pump power studied, 14 W ct -2. certainty in the procedure, but some limits may be estimated
These properties indicate that the line is produced by a band- for the ionization energies. For the x = 0.32 material, the
to-band transition, for the same reasons given earlier for acceptor energy is 14.0 ± 1.5 meV, and for the donor, the
identifying the corresponding line in the x = 0.32 material, ionization energy is less than 2 meV. For the x = 0.48 mate-

The low-energy line in thex = 0.48 material is also rial, the two ionization energies are 15.5 ± 2 and 4.5 ± 2
similar to its counterpart in the x = 0.32 material. The line meV, respectively. For comparison, the authors of Ref. 2
peak shifts to higher energy with increasing temperature estimate values of acceptor ionization energy for x - 0.3 ma-
above - 10 K. shifting 10 meV between 9.2 and 30 K at the terial of 13 meV from the luminescence data and 20 meV
lowest pump power, 2 W cm'1. The peak does not shift with from the temperature dependence of the Hall data. For
temperature below - 10 K, except for a small shift at the x = 0.5 material, they estimate 25 meV from luminescence
highest pump power studied. The ratio of the intensity of the measurements. While the agreement is not particularly
low-energy line to the intensity of the high-energy line de- good, the results are consistent with one another in light of
creases with pump power, except that at 20 and 30 K the the uncertainty involved.
ratio increases as pump power is raised from 5 to 14 W cr-2. In summary, we have shown spectra of near-band-gap
Using the same argument given above for x - 0.32 material, photoluminescence from Hg, Cd, Te with x = 0.32 and
we identify this line as donor-to-acceptor luminescence at x = 0.48, and presented our interpretation of the origin of
low temperature, and free-to-bound luminescence at the the lines. Thex = 0.32 material shows two lines. The proper-
higher temperature studied. ties of the high-energy line are consistent with those for a

The intermediate-energy line appears only in some sam- band-to-band transition, and those of the low-energy line
pies of the x = 0.48 material. The line peak does not shift with donor-to-acceptor luminescence at low temperature
with temperature to within I meV (the experimental uncer- and free-electron to bound-hole luminescence above - 10K.
tainty of the peak positions) between 4.6 and 18.8 K. Since The x = 0.48 material shows both these bands, which we
the band gap for material of this composition shifts by less interpret similarly, plus an additional line which we at-
than I meV in this temperature range (Ref. I, p. 29), the peak tribute to bound-exciton recombination.
position is fixed with respect to the band gap for these tem- The presence of the bound-exciton luminescence in the
peratures. The line intensity falls off more rapidly with in- x = 0.48 material is consistent with the Osbourn-Smith cal-
creasing temperature than either of the other lines, and is not culation showing a radiative efficiency of 90% for the bound
visible in the spectra taken above 18.8 K. As pump power is exciton in HgCdTe of this composition. The absence of a
increased, the line intensity increases at a rate that is slightly corresponding line in the x = 0.32 samples cannot be taken
less than linear. The characteristics of this line suggests that as conclusive evidence that bound-exciton luminescence
it is produced by bound-exciton recombination. Since both does not occur in this material, since we do not observe
the hole and electron are bound, the peak position should not bound-exciton luminescence in one of the x = 0.48 samples
change relative to the band gap with temperature. Also, the we have studied. It is therefore possible that other mecha-
intensity should fall off rapidly with temperature as the cen- nisms are responsible for the absence of bound-exciton lumi-
ters are depopulated by thermal excitation of the excitons. nescence, such as overlap of the bound exciton with too
Finally, the variation of intensity with pump power is also many impurities. This overlap would be more likely in
consistent with a bound-exiton interpretation, because the x - 0.32 than in x = 0.48 material, because the exciton radi-
centers binding the exciton should saturate as the pump us is larger in thex = 0.32 material. However, the absence of
power is increased, the bound-exciton luminescence in the x = 0.32 samples is

The position of this line is approximately that of donor- consistent with the Osbourn-Smith estimate of a much lower
valence-band luminescence. There are several pieces of evi- radiative efficiency of 20% for the bound exciton in that
dence that indicate that this is not the origin of the line. The material.
most compelling argument is that donor-valence-band lu- We wish to acknowledge the valuable help of Dr. Peter
minescence should shift to higher energies as the tempera- Bratt of Santa Barbara Research Center, who provided us
ture is increased, and higher-energy hold states are occupied. with samples, and Dr. L. H. DeVaux of the Hughes Re-
Furthermore, the width is appropriate to a bound-exciton search Laboratories, who gave us a number of useful sugges-
line. A donor-valencebend line should have a width of tions on working with HgCdTe. This work was supported in
about I meV, while the observed line width is 6 meV, which part by AFOSR under Grant No. 77-3216.
is closer to the 4-meV width expected for a bound-exciton
line. 'See, for example, R. Dornhaus, and 0. Nimitz. in Spnter Tracts in Mod-

The positions of the various lines provide donor and em Physics, W.J. 75, edited by 0. HHdler (Spinlger, erlin, 1976), pp. I-
acepto ionizatim energies. Ile difference in energy be- 112.
aceptr ut rline and renc ine at2 C. T. Elliot, 1. Melnaaili, T. C. Harman, and A. 0. Foyt, J. Phys. Chem.
tween the band-to-bad line and the doaor- nepttrSolids 33, 1527 (1972).
zero temperatureis a lower limit on the sum ofthe donor and 'v.. IIvanov4mskii. V. A. Mattseva, A. D Britow, and S. D. Sivachenko,
accepor energies. The acceptor energy is the difference be- Phys. Status Solidi (a) 46, 77 (1973).

2 Appl. Phys. Lett.. Vol. 37. No. 2, 16 July 10 Hunter. Smith, and McGill 202
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Luminescence from HgCdTe alloys PUBLICATION #6

A.T. Hunter, andT.C. McGill
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(Received 9 February 1981; accepted for publication 28 May 1981)

We report the observation in Hg, - Cd Te of band-to-bnd, bad-to ceptor, and donor-
acceptor luminescence for material of x - 0.32 and 0.48, and bound exciton recombination
luminescence, for material of 0.48. The band-to-band line shape and variation in intensity with
pump power is appropriate to an electron-hole plasma with recombination proceading without
wave vector conservation. From line shape separations, we estimate acceptor binding energies of
14.0 ± 1.0 and 15.5 ± 2.0 meV in x - 0.32 and 0.48 material, respectively, and donor binding
energies of 1..0 ± 1.0 and 4.5 ± 2.0 meY, respectively. Shifts in luminescence energy across the
sample imply a change in composition across the sample of 0.03 cm

PACS numbers: 78.SS.Ds, 71.45.Nt

L INYRODUcflOTN er, which provide us with information on the exact nature of
We have carried out a series of photoluminescence e- the transitions, and on the densities of initial and final state.

pe havnts on the important infrared detector material The remainder of this paper is organized as follows. The

HgCdTe' as a probe of the near band-gp electronic states of experimental apparatus and samples are discussed in Sec. II.

the material. While these experiments can yield important Next, the results and analysisare presented in Sec. II. Final-

information about the electronic and optical properties of ly, a summary of the results is presented in Sec. IV.

HgCdTe, few experiments of this type have been reported in U. EXPERIMENT
the literature.

Previous work on HgCdTe included both photolu- The experiment will be described briefly. Samples were
minesence2~ and cathodoluminescence. 3 Two broad lumi- immersed in liquid helium or cold helium gas in a Janis re-
nescence bands were observed, which were attributed to search Dewar. A temperature sensor and heater mounted
band-to-band and band-to-impurity transitions. 2.3 The im- near the sample on the sample arm allowed temperature con-

purity was thought to be Hg vacancies.3 Acceptor ionization trol. Excitation was provided by a mechanically chopped cw
energies were estimated from luminescence and Hall data.2  Ar+ ion laser (the chopping produced a duty factor of
Temperature dependence of Hall measurements for - 50%j, focused onto the sample with a spot diameter of
x = 0.32 material indicated an acceptor with an activation about I mm. The average power densities for the data pre-
energy of about 20 meV, but luminescence line separations sented here varied between 0.3 and 14.0 W Cm 2, although

gave acceptor ionization energies of 25 meV in the x = 0.5 we were able to get power densities of up to 2 KW cm-2 by
material, and as low as 10 meV inx-0.3 material.2 Another increasing the laser power and focusing the laser spot down

group has done some additional Hall work, taking compen- to a few tenths of a millimeter. Luminescence from the sam-

sation into account, and checked their resulting acceptor pe was collected by BaF 2 lenses and analyzed with a Spex
energies by doing far IR photoconductivity.' These mea- 1269 or 1400 spectrometer. The slit width of the spectrom-
surements yield an acceptor binding energy E, = 14.0 eter was chosen to give energy resolution of about 1 meV in( ± 1.0 meV for material with x = 0.4.' Previous theoretical the photoluminescence spectra. The signal was detected
work relevant to our experiments includes a calculation of with an InAs detector for thex = 0.48 material, and an InSb
the radiative efmciency of bound exciton luminescence in detector for the x = 0.32 material. The signal was processed
HsCdTe by Osbourn and Smith.5 Their calculation suggests with a lock-in amplifier.
radiative decay of bound excitons should dominate nonra- Characterizing the sample impurity concentrations is

diative Auger decay in HgCdTe material with x greater than important because some of the observed luminescence is im-

-0.4. purity related. The samples were obtained from Santa Bar-
In our experiments, which we have summarized else- bara Research Center, and we report the sample descriptions

where,6 we observed band-to-band, band-to-acceptor and they furnished us. Both x = 0.32 samples were grown by

donor-to.acceptor, and bound exciton recombination lumi- float zone refining of polycrystalline HgCdTe. After the

nescence. Our experiments were performed on samples of crystals were sliced, they were gold plated and annealed in

x - 0.32 and 0.48, for temperature less than 30 K, and for Hg vapor. This process doped the crystals with Au and re-
excitation densities between 0.3 and 14.0 W cM-2.Three duced the number of Hg vacancies. The acceptor concentra-
samplesofx mO.48material werestudied, twop type and tion in both ofthe processed crystals is about 0"' Au cm-3"

one n type, and two samples of x - 0.32 material were stud- The x . 0.48 crystals were grown by the solid-state recrys-

ied, both p type. tallization method. Two of the samples were treated as de-

In this paper, we present a complete description of our scribed above, and have an acceptor concentration of 10'
data, and the results of our analysis of the data. We analyze and 10"6 Au cm- respectively. The third was not gold plat-I"

line shapes and line shifts with temperature and pump pow- ed before it was annealed in Hg vapor, and the result is an n-
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type sample with i'cm residual donors. For the p-type PTILUESCENCE 'SPECTRA 01-..d.'7
samples, the acceptors are either Au substitutional atoms or AT SEVERAL TEMPERATURES

HS vacancies. PUMP: Cw A,* LASER, 1.3 W cn,-
2

Ill. RESULTS AND DISCUSSION 86

The highest energy line ibohtex 0.38 and
x = 0.32 material is attributed to a band-to-band transition. Z
The pekat the highest energy in Fig. I shows this line in the
0.48 material, for several temperatures, and the peak at the
highest energy in Fig. 2 presents similar data for x = 0.32 0
material. The qualitative features that characterize the line 0.22 0.24 .6.O3

are the shift of the line to higher energy as temperature is ENERGY (eV)

increased, and the superlinear increase in intensity of the line F10.2. Spectra of H&,, Cd. 31 Te showing photolurninescence intensity vs
as pump power is increased. The shift as temperature is in- photon energy with the hample at 4.9, 9.3. 18.6, and 30 K. respectively. The

high-energy peak is due tobusd-to-band re ebinatos. and the low-energ
creased implies that free carriers are involved in the transi- peak is due to doworsccpso recomnbination at low temperatures, and to
tion. The superlinear increase in line intensity with pump bsnd-to-AQcemor recomibination above -10 K. The structure see mostly
power comes about becaiise the band-to-band transition on the lowermpeak isduieto atmosphercwater vapor bsorption. The

probability depends on the product of hole and electron con- Sample Was P type. vWith NA - ND,-i'~c 3

centrations, both of whiuzh increase as pump power is in- slope of each of these curves is approximately 3 k,, where k,
creasted. Another factor suggesting that this transition is is Boltzmann-s constant, 0.0862 meV K -The top three
band-to-band is that no luminescence is observed with high- lines in Fig. 4 also yield a slope of approximately 3 k,, for the
er photon energy. In the remainder of this section we will shift of the band-to-band line in x =0.32 materials.
first describe these observations in detail, then we will dis- The band-to-band intensity increases rapidly as pump
cuss a model for the transition that explains most of the data. power increases. In material of both compositions, the rate

Figures I and 2 both clearly show the high-energy lumi- of increase is faster than linear at most temperatures and
nescence band shifts toward higher energy as temperature is pump powers for which measurements were made. In the
increased. This information is summarized for several pump x = 0.48 material at 30 K (where the results are not compli-
powers in Figs. 3 and 4. In both figures, energy of the line cated by overlap with the bound exciton line), the band-to-
peak is plotted against temperature, with the points for a band intensity incr eases by a factor of 4 when pump power is
given luminescence band at one pump power connected as increased by - 2.5. In the x = 32% material, the intensity at
an aid to the eye. Figure 3 shows this data for x = 0.48 mate- 5 K increases by a factor of 9 when pump power is increased
rial. The top three curves, labeled band-to-band, show the by a factor of 5. (Although at 30 K in this sampie, the in-
behavior of this line for three different pump powers. The crease is down to slightly sublinear with pump power.) So

over the range of temperatures and pump powers for which
PNOTLU~uESCNCE PECTA ~we took data, the rate of increase of the band-to-band line

AT SEVERAL TEMPERATURES Hg 2 d 5 eintensity ranged from slightly sublinear to superlinear, but
PUMP: CW Ar* LASER, 5 W CM-2  always less rapidly than the square of the pump power.

C4.6 K The model for the transiticin that best accounts for the

056- PEAK, POSITIONS n~ TEMPERtATUREFO Pen .. T.0AT SEVERAL. PUMP POWERS
PUMP CW At* LASER

9.3 K :0 14 ' WBAND

18.8K 0.5 'A

00K DON
0,1 -AN !

a 4 .5 052 0.4 .5 ..-l J ACCEPTOR

ENERGY We) 052
TEMPERA' IDE WK

FIG. 1. Spectra of Hg~nCd.. To showing photehlmnna intanstsy vs
pbotmtensrW wthhesanqleat 46, 9.3,15.5, And 30K, rupsetlely. The FIG. 3. Summary ot hmsinueance-bitnd peak negies vs Atemperature or
hiianrgy pea is due to band-to-bed recombination. the lo-w-eer Hbn C4. To at three diferet pumppowussfrthesempaeotfig I The
-o is due to donor~wept o omblstio. at low tempratuue aid to 11eat b ORa data points san drawn as a visaul aid, and 0011n40 Points

bood-to-.eeptor hensueome above - 10 K. The intermediatanlie amwJm Minuted at d It 100pluses for one type of lummcenoe band at
(shown mast elerly in the 9.3 K Iseti sduetobotomdexuitoe rcomb - a pump power. Error bars awe given where Asiniant. the uncertainty is
oedan. The nompl wasp typo, with NA - N, -10 lol n . due tooump Iews bands.
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P STiONS. . .70 The model can account for most of the large peak shift
ATP E EA P U S $MPO ER ST [. I4C 

O 
]2'

A0 EvEZA, LASER that is observed in the data as temperature is changed. In the
2 6 W cM ' BND

0 3, )TO2.6 ANo  nondegenerate limit (high temperature and low density,- oAO which is approximately valid for this experiment), Eq. (1) can

> be integrated analytically to give
OO I (,,) Es Eg - 2} - -)

_22-- BAN TO The maximum ofthis line shape occurs at A = Es + 2k, T,C 26 - ACCEPTOR

so as temperature is increased, the maximum shifts to higher
energies at a rate equal to 2 k,. This shift is smaller than the

0.2 0 5 20 o !s 3k, observed experimentally, but there are several mecha-
TEMPERATURE (K) nisms which can provide additional peak shift.

FIG. 4. Summary of luminescene-band peak energies "s temperature of The first source of additional shift is that the band gap
H& UCd3 2 Teat threed ilferea t pump powers for the sample of Fig. 2. The shift slightly in the temperature rang covered. Above
lines between data omints are drawn as a visual aid, and connect points

measured at different temperatures for one type of luminescence band at 20 K, the shift has been measured by other groups to be
one pump power- linear with temperature, and is -0.2 meV K- for the

x = 0.32 material, and less than 0.05 meV K- 'for x = 0.48

shape, peak shift, and intensity variation of the line, is that material. "".o Data are not available for lower temperatures;

the free carriers act as an electron-hole plasma, with recom- hence, we have had to estimate the shift at temperatures

bination proceeding without wave-vector conservation. Un- below 20 K. For many semiconductors, the rate of band-gap

der the assumptions of our model, an electron-hole droplet shift with temperature decreases below 20 K." Therefore,
like lineshape' results: the high-temperature values for the rate of shift are likely to

like n s E) be either reasonable approximations to the band-gap shift, or

-J&)a de upper limits to it. Using the values at 20 K we estimate a
band-gap shift between 5 and 30 K (the range over which we
took data) of less than 4.5 meV for the x = 0.32 material, and

X [+ el--E- +el*" (1) less than I meV for thex = 0.48 material. While band-gap
shift and line shift as predicted by Eq. (2) could account for

where I (4u) is luminescence intensity at photon energy fW, all the observed shift of the line-peak energy with tempera-

Es is band-gap energy, p, and A, are electron and hole ture in x = 0.32 material, we need to account for an addi-

chemical potentials, respectively, and k, T is Boltzmann-s tional 2 meV of shift in the 0.48 material. Since this remain-

constant times the sample temperature. This equation fits ing discrepancy is probably larger than the error bars on the

the high-energy line fairly well at 20 and 30 K, although it is measurement, we suggest one final source of additional shift.
somewhat too narrow for the data at lower temperatures. The peak shift of 2 k, assumes a constant carrier density as
However, the width of the lines observed at lower tempera- temperature is changed. This, however, is not quite true

tures is approximately that which would be produced by since the hole density increases as acceptor atoms become

compositional variation across the width of the pump beam. thermally ionized. This increase in free-carrier density can
Thi compositional broadening was not included in the theo- contribute a small shift of the band-to-band line to higher

retical line shapes; however, if it were included, the line energy. However, while these iwo mechanisms, together

shape predicted by the model would probably agree with the
data over the entire temperature range. I U I

Figure 5 shows the result of a fit at 30 K for one spec- / Uo40.&* AND FIT

trum ofthex = 0.4S material. Band-gap energy and carrier 7 / . LSE,. ,-

density were varied to obtain the it, with inputs being tem- S 7. 30K

perature (T = 30 K, the bath temperature in the experiment) F1 7, PARAMETERS

and electron and hole effective masses (i, - 0.04, It -. 7 ,o'4 "

m, - 0.5, from Ref. 1). The agreement between theory and -N

data, while not exact, is much better than could be obtained t - DATA

for different models, such as for an exciton gs or an elec- Z, --- FIT

tron-hole plasma in which recombination proceeds with
wave-vector conservation. Furthermore, the carrier density,
which is the only variable that affects the shape of the pre- 0 5 , 0

dicted line, is not an entirely free parameter, since it can be ENERGY eV)
estimated from the pump-laser power density. The accuracy Flo. s pbolummeomee spectrum of the hilh-ener peak of
of the it is not seriously diminished for any carrier density Hg, 2 Cdo.*Te for the sample ofFig. 1, and a lt to the data. The fA is

within the range consistent with pump power. Therefore, the appmpri to an elactma-hole plasma recombining ithout wave-vector
conservation. Three pramneters, the carner density, band-gap energy, and

agreement in shape shown in Fig. is almost entirely due to pek intensity, were varied to obtain the fit. The temperature used in the

the model and measured material and experimental expression for the line shape was 30 K. and electmro and hole muses ued
parameters. wee 0.04m, and 0.3m., repectively.
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with the peak shift predicted by our model, can account for luminescence depends on the distance between the impuri-
all the peak shift observed in x - 0.32 material, they may ties, since part of the line is due to donor-acceptor recombi-
predict a shift slightly smaller than the shift observed in the nation. The second is the Urbach tail behavior mentioned
x = 0.48 material, earlier for the absorption edge in HgCdTe, which can also

The superlinear increase of line intensity provides addi- produce tails on band related luminescence lines. This is
tional evidence for a band-to-band transition of the type dis- probably the origin of the long low-energy tail seen in all the
cussed earlier, which can be seen by some simple rate equa- spectra. Finally, the impurities see a distribution of environ-
tion arguments. The band-to-band transition probability can ments since, instead of being in a perfect lattice, they are in
be written as n, .n, A, where n, and n, are the free-electron an alloy. Smith3'has calculated that this would give a width
and hole concentrations, respectively, and A is a constant of about 10 meV to an acceptor level. (The corresponding
independent of temperature and pump power. Since both broadening for a donor level would be much smaller, simply
nand n, increase with pump power, a superlinear increase because the donor binding energy itself is so small.) These
of the product is expected. In contrast, recombination in an broadening mechanisms are responsible for the fact that the
exciton gas would display at most a linear dependence on low-energy threshold of the bands is not E, - E, - E, lE,
pump power and ED are the acceptor and donor binding energies, respec-

All of the models for the transition considered assume tively), corresponding to luminescence produced by donor-
parabolic band edges, which in turn predict a sharply de- acceptor pairs at infinite separation. The luminescence tail
fined absorption edge. It is possible that the band-edge elec- extends much farther to low energy than could be accounted
tronic states are not well defined by this simple model, how- for by reasonable estimates of the impurity ionization ener-
ever, because the absorption edge for HgCdTe is fit by a gies. Because of this long low-energy tail, and the overlap
modified Urbach tail in HgCdTe with a composition of with the band-to-band line on the high-energy edae, we did
x-0.2. 2 This exponential turn on may be a reflection of not attempt a fit of this line.
compositional inhomogeneities on the macroscopic scale The shift of the peak with temperature provides most of
discussed earlier or, if the fluctuations are on a scale small the information needed to understand the origin of the lumi-
enough that electric field gradients are significant on a mi- nescence, however. The shift in the peak position of this line
croscopic scale, an entirely different calculation of band-to- is caused by somewhat different mechanisms than for the
band recombination should be considered.' 3 These processes band-to-band line. Figures 3 and 4 show the shift in the peak
were not included in any of our attempted fits of the band-to- position of this line as a function of temperature for several
band line shape. pump powers. The most important feature of this shift is that

it is not uniform with temperature, and does not shift signifi-
S. Ebetron-to-boiud hole band cantly below 10 K, for any pump power. The peak position

The low-energy peak, observed in all the spectra at all then shifts rapidly above 10 K. This sudden shift is consis-
temperatures, is produced by electrons recombining with tent with a change from a transition involving mostly bound
holes bound to acceptors, processes which have been exten- electrons recombining with the bound hole to a transition
sively investigated in other materials. ""It The leftmost band involving free electrons. The band-to-acceptor line by
in Fig. I shows this luminescence in x = 0.48 material, at itself should shift with - I kTin addition to band-gap shift,'
several temperatures, and Fig. 2 shows similar data for since in this case the shift is caused by the thermal excitation
x = 0.32 material. The same qualitative behavior is demon- of otly one of the particles, the electron. The lower curves on
strated in material of each composition. The peak position Figs. 3 and 4 indicate it may shift somewhat more than this,
does not change in going from - 5 to - 10 K, then shifts but much of the excess shift is probably explained by the
substantially from 10 to 30 K. At the lowest temperatures ionization of the electron.
studied, the electrons are bound to donor atoms, but at high- Since this low-energy line is impurity related, it should
er temperatures (above about 10 K), most of the donors are decrease in intensity relative to the higher-energy band-to-
thermally ionized (donor binding energies are estimated to band line as pump power is increased. This can be seen by
be approximately 2 and 3.5 meV forx = 0.32 and 0.48 mate- again referring to our simple rate equation model. As men-
rial, respectively, from the hydrogenic model') and the lumi- tioned earlier, the band-to-band probability goes as n, n,, .A.
nescence is caused by conduction-band electrons recombin- The band-to-acceptor probability goes as n. .N .B, where
ing with bound holes. The presence of a significant donor- N' is the number of neutral acceptors and B is another con-
acceptor luminescence line indicates the material is compen- stant. At the low temperatures of this experiment, with the
sated, although the degree of compensation is difficult to - 15 meV acceptor ionization energy, almost all of the ac-
estimate. ceptors are neutral: from model rate equation calculations

The shape ofthe line is similar in both materials, witha we estimate NA does not change by more than 10% in the
long tail on the low-energy side. On spectra taken at lower temperature range studied. Therefore, the ratio of band-to-
pump power, in which the band-to-band line is not as promi- band to band-to-acceptor intensity should go as -constant
nent, the low-energy line clearly appears asymmetric, with n,, which increases with pump power. This is the behavior
the high-energy edge falling off much more sharply than the observed in the experiment. Forx - 0.32, the ratio increases
low-energy aide. This impurity related line is somewhat by 25-100% (depending on temperature) as pump power is
broader than the higher-energy band-to-band line. There are increased by a factor of S. For x - 0.48, the situation is com-
several reasons for the breadth. The first is that the energy of plicated by overlap with the bound exciton line, but the re-
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suits are qualitatively similar. ent pump powers As can be seen from the spectra shown in
Donor and acceptor ionization energies can be estimat- Fig. 1, the bound exciton line is difficult to resolve from the

ed from the separation between the peaks of the lumines. band-to-band line. Although it is more clearly resolved at
cence lines. Overlap between lines and low-energy tails make other pump powers and temperatures, it was necessary to
it impractical to use the low-energy thresholds for determi- use a fitting routine to determine the position of the lines
nation of these energies. However, allowing for the estimat- when they overlapped substantially. For this purpose, we
ed linewidths, we can give limits for the donor and acceptor used a two Gaussian fitting routine, and did not attempt to
binding energies. We have estimated the donor binding enter- fit the tails of the lines. Although this procedure obviously
gy to be 1.0 ± 1.0 meV in x - 0.32 material, and 4.5 ± 2.0 did not reproduce the exact shape of the lines, it did allow us
meV in x = 0.48 material. For acceptors, the corresponding to obtain reasonable estimates of the position of the lines.
energies are 14.0 ± 1.5 meV and 15.53± 2.0 meV. This Ile error bars reflect arange of positions for the peaks that
agrees approximately with the values listed in Ref. 2: the gave reasonable fits. To within the accuracy of our measure-
authors estimate values of the acceptor ionization energy for ments, then, the line does not shift as either pump power or
x-0.3 material of 13 meV from the luminescence data and temperature is changed. This is an important piece of evi-
20 meV from Hall data. For x = 0.5 material, they estimate dence indicating the line is a bound exciton line, since the
25 meV from luminescence measurements. Our values agree carriers must be bound if the energy of the luminescence
very closely with a more recent estimate of E, from tern- does not shift as temperature is raised.
perature dependence of Hall data which included the effect The width of the line also supports the bound exciton
of compensation.4 They checked their estimate of E. by do- interpretation of the luminescence. Figure 6 shows spectra
ing far infrared photoconductivity measurements, and de- taken on a different x = 0.48 sample in which the bound-
duced 14.0 ± 1.0 meV for x = 0.4 material.4  exciton line was much more intense than the band-to-band

C. Bound exciton line at the lowest temperature studied. In this case, the impu -
rity concentration was high enough, and pump power low

The last luminescence line we observe has the charac- enough, that most available electrons and holes could be-
teristics of bound exciton luminescence. The 9.3-K spectrum come bound to impurity centers before recombination, rath-
in Fig. I shows this third line fairly clearly. On the 4.6 K er than recombine as free carriers. These data, therefore,
spectrum, it overlaps the band-to-band line and is difficult to allow an unambiguous determination of the linewidth. We
identify. Also, the intensity has dropped sufficiently to make determined the width to be 6 meV from the 4.8-K spectrum
it difficult to resolve on the 18.8 K sample. This intermediate shown in Fig. 6. This agrees with the width of - 5 meV for
energy line was aeen only in two out of three x = 0.48 sam. bound-exciton recombination luminescence calculated by
pies, thep-type l0" cm- 3 sample and the n-type l0 ts cm - Smith 6 taking into account the broadening induced by the
sample. It was not seen in the other x = 0.48 sample (I-type, distribution of environments around the acceptors.
l0l cm- 3), nor in either of the x = 0.32 samples. Finally, the drop in intensity and position of this inter-

Since the line was not seen in all of the x - 0.48 samples mediate energy line are characteristic of a weakly bound
studied, composition was not the only factor that deter- state. At low temperatures, the line is only 2- or 3-meV below
mined whether or not the line was observed in the lumines- the band-to-band line, indicating an ionization energy of this
cence spectrum. However, there are two reasons to expect a magnitude. The rapid decrease in intensity of the line with
bound exciton line should be easier to observe in material of respect to both of the other lines also indicate that the ioniza-
higher composition. The first involves the lifetime expected
for bound excitons in this material. Osbourn and Smith'
have performed a calculation showing that for material of P.OTOLUMINESCENCE SPECTRA OF Hg0.% ,,C..T,

! AT SEVERAL TEMPERATURESlowx (sml Cd concentration), the Auger lifetime is shorter PUMP: CW A,* LASER. 0.3 W W1
"

than the radiative lifetime for bound excitons, and therefore
the radiative efficiency of the excitons should be low. On the .
other hand, for material of high x, the opposite is true, and /,K
bound excitons in high x material should have a high radia- 6 LK

tive efficiency. The crossover point occurs at x-0.4. Ac-
cording to their calculation, the radiative efficiency for a
bound exciton in x = 0.48 material is 90%, compared to an , ooK
efficiency of 20% inx = 0.32 material, for which we observe z
no bound exciton luminescence. A second factor which 9,7K
would also make it less likely to observe a bound exciton in
x - 0.32 material is that the exciton bohr radius is somewhat O4 050 02 054 056

larger in this material than in the x = 0.48 material. This ENERGY IeV)

means that, for a fixed impurity concentration, the exciton FIG. 6. Spectra or Hb, Cdo.6, Te showing photoluminewence intensity vs
would overlap more impurities in the x - 0.32 material than photon energy with the sample at 4.8, 10.0. sand 19.7 K, respectively. These
in thex - 0.48 material, spectra are for a different sample (n type, N, - N, 10' cm- 'I and were

taken at lower pump power than the spectra in Fig. I. The bend-to-bad lineFigure 3 shows the shift in the peak position of the is not visible at these temperatures, and the high-energy line is due entirely
bound exciton as a function of temperature for several differ- to bound exciton reconbination luminescence.
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tion energy is small. The only other possibility beside the measurement because of uncertainty in the relationship be-
bound exciton is a free hole recombining with a weakly tween composition and band gap. The formula. ,mpiled in
bound electron. This possibility is eliminated by the lack of Ref I give a spread of 15% in the compositional changes
shift of the line with temperature mentioned above, implied by a given band-gap shift.

The compositional gradient may have contributed to
D. Laer-Induced dw ge the width of the luminescence lines, since the spot size of the

High intensity laser irradiation was found to damage pump laser was several millimeters in diameter. A 2-mm
one of the samples. Surface damage occurred while irradiat- spot causes a 4-meV inewidth because of the gradient alone.
ing the sample with an estimated 2 kW cm- 2 continuous This should be regarded as a lower limit on the width, how-
laser beam, while the sample was in contact with a sample ever, since the gradient was measured over a distance of
block at 5 K. The damage occurred suddenly, as indicated by many millimeters and implies nothing about local, but still
a sudden loss of luminescence signal. The sample so dam- macroscopic, fluctuations in composition, which could con-
agied had a small pit of approximately the same size as the tribute even more to the linewidth.
laser beam Jabout 0. 1-mm radius) with a depth of about 0.1 IV. SUMMARY
mm.

In this paper we have described our observations of lu-

L Sptll variations In band gap minescence spectra of Hg, -, Cd, Te, for x = 0.32 and 0.48.

The samples we studied showed a concentration g - We observed band-to-band, band-to-acceptor, donor-accep-

ent from one side of the wafer to the other. Since the concen- tor, and bound exciton recombination luminescence.
n ter minesdeof the bafer pp the chaer ineh oncena- The band-to-band line shape, and variation of intensity

tration determines the band gap, the change in concentra- with pump power, implies an electron-hole plasma in which
tion was reflected in a shift of the luminescence lines in recombination proceeds without wave-vector conservation.
energy. Figure 7 shows typical luminescence data for a sam- This model for band-to-band recombination has been used
pie ofx = 0.32 material. The three different spectra were successfully to explain the gain spectrum of GaAs. ""'

collected under identical conditions, except that the sample where free-carrier and impurity scattering are large enough
was moved with respect to the pump laser and spectrometer, to relax the wave-vector selection rules. The model should
so that the luminescence came from a different part of the apply to HgCdTe, but perhaps for slightly different reasons.
sample in each case. Assuming that all of the shift in lumi- Thimutyadcreronnrtosaesmwatl-

nescnceenegy ws cuse by andgapshif, ad uing The impurity and carrier concentrations are somewhat low-
nescence energy was caused by band-gap shift, and using er in the HgCdTe samples than in the GaAs lasers consid-
published fits relating band-gap energy to composition a ered in Refs. 17 and 18. In the alloy the random fluctuations
change in composition of 0.03 cer- is implied. This means in concentration can also act as scattering centers for elec-
that luminescence experiments can provide a fairly sensitive trons,1 and so lead to relaxation of the wave-vector selection
means of monitoring compositional changes across the sur- rules. However, the major justification for invoking recom-
face of HgCdTe wafers. The position of the luminescence bination without wave-vector conservation is that it helps to
lines in our spectra can be determined to within about ± 1.0 explain the large shift of this line with temperature, and can
meV, which would allow a resolution of ± 0.0006 for mea- fit the shape of the line for the higher-temperature spectra.
surement in a compositional change from one point to an- Other mechanisms, not considered in this paper, may also fit
other. Some additional uncertainty would be added to the the available data. Therefore, the analysis presented here,

I I especially the detailed model proposed, should be regarded
PH4OTOLUMINESCENCE SPECTRA OF i.Cd 2Te as somewhat tentative until the assumptions can be checked
AT VARIOUS POSITIONS ON SAMPLE
PUMP: CW A,* LASER. 1.3 W Cm-2 against further data.
T. 4.7K We have estimated donor and acceptor ionization ener-

C gies from our luminescence data. For EA, we estimate
14.0 ± 1.5 meV for x = 0.32 material and 15.5 ± 2.0 for

o x = 0.48 material. The acceptor is probably either a Au sub-

ositutional atom or alloy vacancy. This agrees well with val-
ues obtained from IR photoconductivity data and tempera-
ture dependence of Hall measurements in which
compensation was taken into account. 4 We estimate
E, = 1.0 ± 1.0 and 4.5 ± 2.0 meV in x = 0.32 and x = 0.48
material, respectively, which is consistent with values calcu-
lated in the hydrogenic model. I The identity of the donor is
unknown. The presence of the donor-acceptor luminescenceI 0 N2G ( 0.28 030 band indicates our samples are compensated.

ENERGY (eV) The observation of the bound exciton luminescence in

FIG. 7. Sp ars ofI ts Cd0 ,Te dowing plotoblnminene intensty vs the x = 0.48 material is consistent with the calculation by
photon energy for the sample of Fig. 2. For apetrm b, the p Osbour and Smith' showing a radiative efficiency of 90%
0.04 in. above its poslition for spectrum a, and for c, 0. 10 ian. above its posi- s
tion for spemtrn a. The shift in energy betwen a and c implies a shift in for the bound exciton in HgCdTe of this composition. We
composition or 0.03 an'. did not observe the line in x = 0.32 material, although this
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PUBLICATION #7

Experimental investigation of the infrarad aL orption saturation in p-type
germanium and silicon

R. B. James. 8) Edgard Schweig, D. L. Smith, I) and T. C. McGill
Califomia Institute of Technolog . Pmades. California 91125

(Received 12 October 1981; accepted for publication 17 November 1981)

We investigate the room-temperature absorption saturation ofp-Ge and p-Si for several samples
over a range of doping densities for light having wavelengths of 10.6 and 9.6prm. The transmission
data can be fairly well described using an intensity dependent absorption coefficient characteristic
of an inhomogeneously broadened two-level system. Measurements of the saturation intensity of
p-Ge show that 1, increases monotonically with increasing hole concentration, and that the
resonant transition is significantly easier to saturate in p-Ge than in p-Si for the samples we
examined.

PACS numbers: 42.65.Bv, 78.20.Dj, 78.20. - e

In this letter we study the dependence of the absorption rather low doping densities (N, S3 X 10"' cm- ). Here we
saturation in p-type germanium and silicon on the doping present a systematic study of the dependence of I, on the
density for wavelengths in the 10-Mm region. It has previous- doping density in p-Ge.
ly been observed that the absorption of light saturates in p- A theory describing the absorption saturation of p-Ge
Ge' andp-Si' at CO2 laser wavelengths. This nonlinear be- has been presented which realistically accounts for the ani-
havior in p-Ge has been exploited for generating passively sotropic and nonparabolic valence bands and which is in
mode-locked CO2 laser pulses ofsubnanosecond duration," close agreement with experiments. ' In the calculation only
and to provide interstage isolation of high-power oscillator- the carrier-phonon scattering was included in determining
amplifier stage of CO2 laser systems.2 The main advantages the modification of the hole distribution by the high intensity
of using ap-type semiconductor, such as Ge, over other satu- light. For those temperatures and hole densities for which
rable absorbers are the picosecond recovery time and the carrier-phonon scattering dominated the carrier relaxation
broadband performance under saturation conditions. (N, S 3 X 10' cm - I at room temperature), the calculated

The dominant absorption mechanism in p-Ge at room values for I, were independent of the hole concentration. In a
temperature for light having a wavelength of about 10pm subsequent paper, " the theory was modified to include the
has been shown to be direct transitions between the heavy- interaction of the hole crriers with ionized impurities and
and light-hole bands.' Forp-Si, the spin orbit splitting is less other free holes. The results of the calculation were that for
than the photon energy for A - 10pm so that direct interva- hole concentrations such that hole-impurity and hole-hole
lence-band transitions are energetically allowed between the scattering rates were non-negligible compared to hole-
heavy- and light-hole bands, the heavy- and split-off hole phonon scattering (Le., N, t 3 x 10 -" cm at room tern-
bands, and the light- to split-off hole bands. In addition, the perature, the saturation intensity increases monotonically
absorption of light by the creation of phonons is much larger with increasing doping density. A similar dependence of 1,
in Si than Ge for the wavelengths we consider, consequently, on the doping density is expected for p-Si; however, due to
the residual or nonsaturable absorption is much larger in Si the larger hole-phonon scattering rate in Si, the dependence
than Ge. of 1, on N, would most likely require more heavily doped

The absorption due to the direct intervalence-band samples to be observable. In this letter we experimentally
transitions is saturable, where the decrease in the absorption investigate the saturation behavior of p-Ge and p-Si for sev-
coefficient with increasing intensity is approximately given eral samples with different hole concentrations for light at
by an inhomogeneously broadened two-level model, where 10.6 and 9.6 pm.

The transmission experiment is shown schematically in
all, w) 12 () Fig. 1. The saturating laser was a transversely excited CO2

(! + ig/,.,j/ "  laser at atmospheric pressure operating with a TEMo out-
Here, ao) is the absorption coefficient due to the interva- put. The wavelength was controlled by an internal grating
lence-band transitions at low intensity and l,(w) is the satu- which allows a tunable output over the 9-1 l-pm region. The
ration intensity. This intensity dependence in the absorption output energy of about 0.6 J was reproducible to within I-
has been found to be well satisfied experimentally for p-Ge, 2% from shot to shoL The output pulse has about 50% of the
and valies of the saturation intensity have been reported.=" energy in the form of a spike with a pulse width full width at
In these papers, the saturation intensity was determined for half-maximum (FWHM) of about 40 ns. The remainder of

the energy is in a long tail of relatively low power density"Fimusit -,,ius: SONi Sate Dtiom, w .k Ridge Natieal Laboratory. which lasts about 0 .4 #s (depending on the N2 mix). An iris
Oak Mgt. TN 37830.
"Yt, aij im: Hemeyvif Syime md Rearch Ctar. M-n s, was used to isolate the central portion of the Gaussian beam

MN S5413, in order to minimize the spatial variation of the beam. The
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coa0 I, and ao to satisfy
C0, TEA, LASER A7'ENJA TORS

WS LENS 2% SPo- IT -TER
;\' f:2m k aow [+ ll] I +ap dz,

----------... 
(2)

sAMPLE -DIGITA METER and we determine the value of the saturation intensity for the
S different samples. Here, a, is the residual or nonsaturable

PYROELECTRiC absorption due to phonon absorption and indirect intrava-
DETECTOR lence-band transitions. The absorption coefficient from mul-

FIG. i. Expermental setup for the atorption uturation measurements. tiphonon absorption at 10 .6 /1m is 0.030 cm - ' for Ge T ef.
12) and 1.30 cm 'for Si. ' The corresponding values for 9.6-

power density was controlled by using calibrated CaF 2 at- m radiation are0.025 cnV 'forGe (Ref 12)and 0.4Ocrn-
tenuators, a ZnSe optical lens for focusing, and by adjust- for Si.' 3 The intravalence-band absorption cross section, es-

timated from Drude-Zener theory, is about I X 10- 1" cm2

ment of the high voltage power supply. The p-Ge and p-Si for Ge and 3 x 10 - eCM2 for Si. Thus, for the hole densities
samples were broadband antireflection coated for 10- m ra- we nd i t 10- , a , for and T.us, for the
diation and normal incidence. In this way we were able to we consider in this letter, a o forp-Ge and a, a0 for the
obtain transmission data as a function of incident intensity Th mes.',
for pulses with approximately uniform spatial variation and The measured values of i for p-Ge are shown in Fig. 2
high energy reproducibility from shot to shot. The maxi- for 10.6- and 9,6-or m radiation. Also shown are the caculat-
mum peak intensity used in the experiment was about 50 ed values for the dependence of the saturation intensity oNfMW/cm 2 , at which point the antireflection coatings began the doping density. The calculated values of I, vs NA at

toexhibit ptic dama e co10. 6 ym (solid line) are reproduced from Ref. I and valuesto exhibit optical damage. of , at 9.6/um (dotted linel are calculated in the same man-

A pyroelectric detector with 500-ps rise time was used ofr at 9.scu ted in e c d s
to measure the time dependence of the pulses and a volume nre as discussed in Ref. 11.
absorbing calorimeter was used to provide a measurement of The experimental values of n, at 10.6 m indicate that
the energy transmission. The calorimeter was accurate to the saturation intensity increases monotonically with in-
within 3% according to specifications. Burn patterns on Po- creasing hole concentration for the Ge:Ga samples we stud-
laroid films were used to determine the cross-sectional area ied. For the samples with larger hole concentrations, the
of the beam at the position of the Ge or Si sample. The AR- scattering rates due to hole-impurity and hole-hole scatter-

coated ZnSe lenses used were of relatively large focal length ing are larger. The result of increasing the scattering rate is

to avoid any significant focusing as the beam propagated that higher intensities are required to reduce the free-hole

through the sample. SeWf-focusing effects were negligible for population in the heavy-hole band at the resonant region,

the power levels used in this experiment. Using the burn since the excited holes can relax at a faster rate. We also note

patterns, calorimeter output, and pyroelectric detector dis- that the experimental values for 1, vs N, are in fair agree-

play, we were able to measure the intensity after passage ment with theory, with the experimental values consistently

through the sample. Due to the high reproducibility of the larger than the calculated values by about 20%. Previous
pulse energy from shot to shot, we could separately measure measurements ofI, on lightly doped samples (N, 

< 3 x 10'
puls enrgyfromsho tosho, wecoud sparaelymeaure cm- 3 ) have reported values of 3.2 (Ref. 2), 4.5 (Ref. 31, and 4

the intensity incident on the sample in the same way as (R-3) bare r ored va u 6. 8 (f/2,4 (Ref. 2)

shown in Fig. I but with the sample removed. (Ref. 4) MW/cm 2 forA A.0.6m and 6.8 MW/cm 2 (Ref. 2)
Using the transmission data of the energy incident on for m u = 9.6f m.

the sample (E,) and the energy at the exit of the sample Tea urd ves o t oe a t s o
(E.,, we determine the linear absorption coefficient for weaker fractional dependence on the hole concentration for

11.k 4, by

e' ---Ev/E , (2) A ' u , ,N s

where L is the sample thickness. We measure a cross section
ofabout 7 X 10-1"m 2 for l0.6-p m radiation and room-tem- 0 - I0-

perature conditions. The measured value of the cross section E H

is consistent with other measurements given the uncertainty 0 o... 0.
in N , for the different samples. For larger intensities -

(I, Z 1j, we consider that only the spike of the laser puse ;f 2.0o* 0.

sees a nonlinear absorption coefficient. The spike is de- 4." 0 2 4-C"

scribed by a rectangular pulse of 40-nis width containing HOLE CON^EtNTRATIN (-. '
50% of the total incident energy. The remainder of the ener-gy in the low intensity tail of the pulse is linearly a sor-ed FIG. 2. Experimental and calculated values of the saturation intensity 1, vs

Wyinth e lowintenstrac o utisi sonda the hole contetration forp-Ge. The circles Itrianglel show the experimen-
according to Eq. (2). We subtract from our tratmission data el values of1, for light having a wavelength of 10.6 um (9.6um). The solid
the contribution due to the linear absorption in the tail and fine in the fture shows a calculation of I, vs N. taken from Ref. I I for
obtain the average intensity in the spike incident on the sam- 10.6-pm radiation. and the dashed line shows the calculation of 1, vs N,
pie (I,) and at the exit of the sample (I..). We numerically fit for 9.6-oum radiation
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the samples considered. For light having a wavelength of 9.6 lengths in the 9-I l-,um region. Although the calculated val-
,am, the direct transition bereen the heavy- and light-hole ues of1, are somewhat larger than the experimental values,
bands occurs at larger 'vlues in k space, and thus, for larger the calculation does predict that p-Si is significantly more
heavy- and light-hole energies. Phonon scattering was calcu- difficult to saturate than p-Ge, which is in agreement with
lated on the basis of the deformation potential model, where our data.
the scattering rates have a square root dependence on the In summary, we have experimentally examined the
energy of the hole carrier. '" The scattering rate for a hole room-temperature absorption saturation of p-Ge and p-Si
with energy e due to ionized impurities and other hole carri- for several samples of varied doping density for light having
ers has approximately an -31 2 dependence ....6 Conse- a wavelength of 10.6 and 9.6 jm. We find that the transmis-
quently, the effect of increasing the heavy- and light-hole sion data can be fairly well understood by an inhomogen-
energies in the resonant region by going from 10.6 to 9.6-,"m eously broadened two-level model for the range of intensities
radiation is to increase the effect of phonon scattering and to considered. We find that the saturation intensity forp-Ge
decrease the contribution of hole-impurity and hole-hole monotonically increases with increasing hole concentration,
scattering. Since 1, is substantially independent of the hole in agreement with the calculations of Ref. 11. Thus, depend-
density in the region where hole-phonon scattering is domi- ing on the application of the saturable absorber, one can get
nant, we expect a weaker fractional dependence of 1, on N,. more efficient nonlinear behavior by using lightly doped ma-
A discussion of the wavelength dependence of 1, over the terial, where hole-phonon scattering dominates the carrier
CO2 laser spectrum has previously been presented. " relaxation. The data for p-Si indicates that the material is

The measured values of I, for p-Si at 10.6 and 9.6 pm significantly more difficult to saturate than p-Ge. and is
are shown in Table I. The first three samples were doped probably not as useful in the applications of saturable ab-
with boron, and the fourth sample was doped with alumi- sorbers to CO2 laser systems as Ge.
num. We see that I, is considerably larger for Si than Ge, This work was supported by the Air Force Office of
which is primarily due to the larger hole-phonon scattering Scientific Research under Grant No. AFOSR-77-3216 and
rate and the smaller excitation rate in Si. In addition, lattice the U. S. Dept. of Energy under contract W-7405-eng-26
absorption is much larger in Si than Ge for the wavelengths operated by Union Carbide Corporation. One of us (R.B.J.
of interest. This larger nonsaturable absorption must be in- wants to gratefully thank the Director of the Oak Ridge Na-
cluded in the analysis and creates a larger uncertainty in the tional Laboratory for financial support through the Eugene
values for the saturation intensities. Absorption saturation P. Wigner Fellowship fund, and one of us (D.L.S. I acknowl-
in p-Si has previously been observed'; however, the range of edges support from the Alfred P. Sloan Foundation.
intensities considered was smaller and the data was inter-
preted in terms of a homogeneously broadened two-level
model with I, Z 50 MW/cm2 . We find that the data to be
better approximated by an inhomogeneously broadened
two-level model, where the deviation between the two func-
tional forms for the intensity dependence of the absorption
coefficient becomes apparent for I t I,.

A calculation of the nonlinear absorption of p-type se-
miconductors with small spin-orbit splittings, such as Si, has
recently been presented. '" In the calculation, the depletion
of the hole distribution function in the three resonant regions
for transitions between the heavy- and light-hole bands,
heavy- and split-off hole bands, and light- to split-off hole 'A. F. Gibson, C. A. Routo, C. A. Raffo, and M. F Kimmi. Appl Phys

Lett. 21, 356 (1972).
bands were assumed to be decoupled so that the modifica- 2. R. Phipps, Jr. and S. J. Thomas, Optics Let. 1, 93 11971
tion of the distribution due to one resonant transition does 'R. L. Carlson, M. D. Montgomery, J. S. Ladish. and C M . Lockhart,

not strongly affect the population of occupied hole states in IEEE J. Quantum Electron. QE-13, 35D (19771.

the resonant region for another direct intervalence-band IF. Keilmann, IEEE J. Quantum Electron. QE-12. 592 (1976)
sP. J. Bishop, A. F. Gibson, and M. F. Kimmitt, J. Phys. D 9. LI01 (1976,

transition. Using this approximation, values ofI, for p-Si 6A. J. Alcock and A. C. Walker. Appl. Phys. Lett. 25, 299 11974).
were calculated to range from 140to I goMW/cm 2 for wave- 'B. J. Feldman and I F. Figueira, Appl. Phys. Lett. 25, 301 119741

'A. C. Walker and A. J. Alcock, Opt. Commun. 12,430 (19741
1W. Kaiser, R. J. Collins, and H. Y. Fan, Phys. Rev. 91, 13421 19531.
'OR. B. James and D. L. Smith, Phys. Rev. Let. 42, 1495 (19791.

TABLE I. Saturation intensities for uncompensated crystalline p-Si am- "IR. B. James and D. L. Smith, Solid State Commun. 33, 395 (19801.
pies. N, is the concentration or free holes and A is the wavelength of the 1S. J. Fray, F. A. Johnson, J. E. Quarrington, and N. Williams, Proc. Phys.
light. Soc. 85, 153 (1965}.

IF. A. Johnson, Proc. Phys. Soc. (London 73,265 (19591.
Nlcm- ( A (pm) J,(MW/cm2' "D. M. Brown and R. Bray, Phys. Rev. 127, 1593 (1%2).

"'M. Brooks, in Advances in Electronics and Eectron Pyic, edited by L.
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2 x 10" 9.6 36 17R. 3. James and D. L. Smith. Phys. Rev. 0 21. 283611990.

'*R. B. James and D. L. Smith, 3. App). Phys. 52, 4238( 19811.

233 Appl. Ptiys. Lon., Vol. 40, No. 3, 1 February 1982 James of a/. 233

...............................................................----------------------------------------------------------



PUBLICATION #8

VOLUMI42, NUMBE22 PHYSICAL REVIEW LETTERS 2MAY 1979

Theory of Nonlinear Infrared Absorption in p-Type Germanium

R. B. James and D. L. Smith
CaVforwin Institute of Technology. Pasadena. Caifowaia 91125

(Received 22 March 1979)

W. present a theory of the saturation of Inter-valence-band absorption In p-type Ge by
high-ntensity light with a wavelength near 10 ,m. The absorption coemolent decrease
with Intensity In a manner closely approximated by aL inhomogeneously broadened two-
level model. The saturation intensity is calculated as a function of exctaton wavelength
and temperature and found to be In good agreement with measured values.

Free-hole transitions between the heavy- and agreement with the experimental values. There
light-hole bands in P-type Ge are primarily re- are no adjustable parameters in the theory.
sponsible for the absorption of light with wave- Both energy and wave vector are conserved in
lengths in the 11- to 9-pm range. Absorption the inter-valence-band optical transition. Thus
due to this process has been found to saturate at only holes in a narrow region of the heavy-hole
high light intensities. 1'4 Thus P-type Ge can be band can directly participate in the absorption.
used as a saturable absorber to passively mode As the light intensity becomes large, the popula-
lock CO2 lasers. In this Letter, we present a tion of these states In the heavy-hole band is de-
theory of the saturation of heavy-hole band to creased and the absorption coefficient is reduced.
light-hole band transitions in p-type Ge at high The absorption coefficient is given by
light intensities.

Previously saturable absorption in P-type Ge g (N, W) =7 02 -e )
has been analyzed by modeling the Ge valence

bands as an ensemble of two-level systems whose
level populations approach one another at high I 1(1)
light intensities.2"  This model predicts that the X It' (2)

dependence of the absorption coefficient as a func-
tion of intensity is given by where the subscripts h (1) designate the heavy-

(light-) hole band, KJ is the density of holes, 9 is
G(/,oM) =ao(O)[ 1 +=/Ia(40)]" I2, (1) the dielectric constant, m is the free-electron

mass, 1w is the photon energy,/,(f) is the proba-
where ao(w) is the absorption coefficient at low bility that a hole state with wave vector I is occu-
intensity, and 1*(w) is the saturation intensity, pied in band i, (P,(f)I2 is the squared momentum
This behavior was found to be reasonably well matrix element between the Bloch states in the
satisfied experimentally."' However, attempts heavy- and light-hole bands (summed over the two
to calculate l,(w) as a function of photon energy degenerate states in each band), and 11(k) is the
using the two-level model and a multistep cascade angular frequency assoclated with the energy dif-
relaxation produced results that were in qualita- ference [-,() - 6,(2)] where EA) is the energy of
tive disagreement with experiment., ' I There has the hole with wave vector 1 in band i. The phase
also been a theoretical discussion of the satura- relaxation time T,(E) Is given by
tion based on a spherical, parabolic band model,6
but this study produced a result for the absorption 2
coefficient which was quite different from that of T.(C) (3)

Eq. (1) and which is in qualitative disagreement
with experimental results. Here we describe the where RJ .i;' is the rate at which a hole In band
Ge valence bands using degenerate k. perturba- a with wavevector 1 is scattered into a state in
tion theory. This is the first time the saturable band b with wave vector i'.
absorption has been discussed In a model which In p-type Ge the scattering rate of holes occurs
realistically accounts for the aniotropic and non- on a subpicosecond time scale. Since the experi-
parabolic Ge valence bands. Our calculated re- mental studies use lasers with nanosecond pulse
sults are in close numerical agreement with Eq. durations, transient effects are damped out.,
(1) and for the first time give results for I,(w) as Hence, we calculate the steady-state distribution
a function of photon energy which are in good functions which are determined by the following
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equations: For the hole concentrations and temperatures
A (,/)-f -l(E)] at which most saturable absorption measurements

have been performed (room temperature, N - 1016
= - [R RA- '.f() -Rck'-Af( )], (4a) cm-'), phonon scattering is the dominant scatter-

ek, ing mechanism. Phonon scattering was calculat-
2,1)Lf.(2) -f (T)o ed on the basis of the deformable potential model,

E- [R 1-k -a , fj() -R k,-,l'j(T')], (4b) where the deformation parameters were taken
=, ' from the mobility fits of Brown and Bray." Fol-

where lowing Ref. 7 we neglect angular dependence in
the phonon scattering matrix elements and take

2r2  ea2 - the scattering rates to be the same function of en-
- ;W1WC_ jergy for the heavy- and light-hole bands. Energy

× M 17T.) relaxation of the excited holes is determined by
XTo() - W + [*/T () " (4c) optical-phonon scattering. The optical-phonon

spectrum is relatively flat for small k with an av-
These equations state that the rate of optical ex- erage energy of about 0.037 eV. We neglect the
citation out of (into) a state is equal to the net rate energy of the acoustic phonons; this is a reason-
of scattering into (out of) the state. The left-hand able approximation for the region of interest
sides of Eqs. (4a) and (4b) give the net rate of op- (small k). Acoustic-phonon scattering mixes
tical excitation out of a state with wave vector l states with approximately the same energy but
in the heavy-hole band into a state with wave vec- different values of I. The effect of acoustic-pho-
tor I in the light-hole band. Here 0(t,i) describes non scattering is not negligible because of the
the strength of the optical interaction. anisotropy of the valence bands.

Using Eqs. (4), we obtain an expression for the If there is no angular dependence in the phonon
steady-state difference in occupation probabili- scattering matrix elements, the functions F(k) and
ties, G(k) depend only on c(k) and E,(i), respectively.

/64( )-') We use Eq. (4) to write one-dimensional integral
fA(1) -fITh (=k + TE) equations for these functions. If we take the op-

tical-phonon energy as discrete and neglect the

T.(EF, ) - T, (t)G(1, 1) acoustic-phonon energy, these integral equations
+ 1 +P(k,I)[TA() +T,()] ' (5) can be reduced to a set of algebraic equations

which we solve numerically. Once these func-
wherefe(k) is the equilibrium value for the dis- tions are determined, the absorption coefficient
tribution function, is calculated by numerically integrating Eq. (2).

I , The one-hole energies and the momentum matrix
-=.i ., (6a) elements are found from degenerate i .p perturba-

tion theory.8 The cyclotron-resonance param-
F(i),/) - R..t7[j.( ') -f.(i')J, (6b) eters of Hensel and Suzuki were used.

ek' The calculated values of a(l, w) were compared
and T 5 (E) and G(E, /) are defined for the light-hole with the expression in Eq. (1). The numerical re-
band analogous to Eqs. (6a) and (6b), respective- suits could be fitted by this expression to an ac-
ly. The function F(1, 1) is the difference in the curacy of about 5% for intensities less than 251,.
feeding rate of free holes from the equilibrium (This is the range of intensities which has been
feeding rate for the state with wave vector I in explored experimentally.) If only the first term
the heavy-hole band. The first term in Eq. (5) in Eq. (5) is retained, the calculated a(I, w) has
gives the population difference that would occur precisely the form of Eq. (1). The second term
for the states at It if the populations of the states in Eq. (1) is smaller than the first; it leads to
that feed those at f were given by their equilibri- the small deviations of the calculated &(Q, w) from
um values. The second term in Eq. (5) accounts the expression in Eq. (1).
for the change in the populations of the states that For those temperatures and hole densities for
feed those at . For those values of I which are which hole-impurity and hole-hole scattering is
important in the integral in Eq. (2), the first term small compared to phonon scattering, the calcu-
in Eq. (5) is found to be significantly greater than lated 1, is independent of hole concentration. At
the second. room temperature, 1, has been found experimen-
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FIG. 2. Calculated saturation intensity vs tempera-
FIG. 1. Saturation intensity vs photon energy for p- ture for p-type Ge and light with a wavelength of 10.6

type Ge at 295K. The experimental data are from Im.
Refs. 2, 3, and 4. Error bars are given only in Ref. 2.

Using this theory, we can determine the hole
distribution as a function of laser intensity and

tally to be independent of hole concentration for frequency. Knowledge of the hole distribution
concentrations less than about 4 x l0 s cm - . function allows an interpretation of "pump-probe"

Measurements of saturable absorption in p-type experiments. In these experiments the absorp-
Ge have been interpreted in terms of the inhomo- tion of a low-intensity light beam (probe) is meas-
geneously broadened two-level model which pro- ured as a function of frequency in the presence of
duces Eq. (1), and values of 1,(w) are reported?-' a high-intensity laser (pump) of fixed frequen-

In Fig. 1, we compare measured values of 1(w) cy. 4,
1'

at room temperature as a function of photon en- In conclusion, we have presented a theory of
ergy with the calculated values. In the range of the saturation of inter-valence-band absorption
photon energies considared, 1,(w) was found to in p-type Ge. We have found that the saturation
increase monotonically with photon energy. The is closely approximated by an inhomogeneously
increase in 1,(w) with increasing w is primarily broadened two-level model. We have calculated
a result of the larger density of states in the the saturation intensity as a function of photon

heavy-hole band for the higher-energy holes in- energy and found good agreement with experimen-
volved in the optical transition. There is good tal values. We have predicted the dependence of

agreement between theory and experiment. There the saturation intensity on temperature.

are no adjustable parameters in the theory. The authors thank R. N. Silver for many useful
In Fig. 2, we present the results of a calcula- discussions. The authors gratefully acknowledge

tion of the temperature dependence of 1.(w) for the support of the Air Force Office of Scientific
light with a wavelength of 10.6 Am. 1, increases Research under Grant No. AFOSR-77-3216. One

monotonically with temperature. This increase of us (D.L.S.) acknowledges support from the
in 1, with temperature is due to the increased Alfred P. Sloan Foundation.

rate of phonon scattering at higher temperature.
Because of the rather strong dependence of 1, on
temperature, it should be possible to tune the
saturation behavior of p-type Ge with tempera-
ture. 'A. F. Gibson, C. A. Rostto, C. A. Ralo, and M. F.

Many semiconductors have a valence-band Kimmitt, Appl. Phys. Left. 21, 356 (1972).
structure which is similar to that of Ge, and satu- 2C. R. Phipps, Jr., and S. J. Thomas, Opt. Lad. I,

ration of inter -valence-band absorption should be 03 (1977).
3R. L. Carlson. M. D. Montgomery. J. S. Ladish,

observable in these mp.terials. In addition to Ge, 'R. L. Carkhon, E D. ontmy, ctrn. Ish,and C. M. Lockhart, IEEE J. Quantum Electron. 13,
the effect has also been observed in p-GaAs.1 $6D (1977).
The theory presented here should apply for these 4F. Kellmsn, IEEE J. Quantum Electron. 12, 592
materials as well as for Ge. (976).
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We present a theory of the saturation of heavy-hole to light-hole band ahaorption in p-type

semiconductors with the diamond or zinc-blende crystal structure by high-intensity light with a wavelength
near 10 Am. The absorption coefficient is found to decrease with intensity in a manner closely approximated
by an ihomogeneously broadened two-level model. For tempertures and hole concentrations where hole-
phonon scattering dominates hole-impuity and hole-hole scattering, the saturation intensity is independent
of the hole conacentrition. We calculate the saturation intensity as a function of excitation wavelength and
temperature for p-Ge and p-GaAs. We find that the saturation intensity increases with photon energy and
with temperature. The calculated results are compared with the available expetrental data and good
agreement is found

1. INTRODUCTION energy using the two-level model and a multistep
cascade relaxation' gave results that disagree

In many p-type semiconductors, direct free- with experiment! A theoretical discussion of
hole transitions between the heavy- and light-hole saturable absorption in p-type Ge based on a
bands are primarily responsible for the absorp- spherical-0arabolic-band model has also been
tion of light with wavelengths near 10 Am. At presented. 0 However, the results of that discus-
high light intensities, absorption due to these sion are qualitatively different than that of Eq. (1)
transitions has been found to saturate in p-Ge and are in disagreement with experiment.
(Refs. 1-4) and p-GaAs.1 This saturation prop- In this paper we present a theoretical analysis
erty allows a means of passively mode locking of the saturable absorption by considering the
a CO laser by inserting a slice of p-Ge or p-GaAs initial- and final-hole states in the optical transi-
into the optical path of the cavity. Experiments tion to form a continuum with the valence-band
have demonstrated that a COQ laser with p-Ge structure determined by degenerate k p perturba-
used as a saturable absorber can generate pas- tion theory." Our calculates results are in close
siveJy mode-locked pulses of subnanosecond dura- agreement with Eq. (1), and the values of l,(w)
tionY' In this paper, we present a theory of the deduced from the calculation are in good agree-
saturation behavior of heavy-hole band to light- ment with experiment. We also determine the
hole band transitions in p-type semiconductors dependence of 1,(w) on temperature. We present
at high light intensities. We present detailed detailed results for p-Ge and p-GaAs; however,
numerical results for p-Ge and p-GaAs (the the theory should be applicable to other semicon-
materials in which the effect has been experimen- ductors with the zinc-blende crystal structure as
tally observed). In a recent letter, we made a well.
preliminary report of the results for p-Ge.s  The paper is organized in the following way:

In previous work, saturable absorption in p- in Sec. II we present our theoretical approach,
type semiconductors has beem described by model- in Sec. III we give the results for p-Ge, in Sec.
ing the valence bands as an ensemble of two-level IV we give the results for p-GaAs, and in Sec. V
systems whose level populations approach one we summarize our conclusions. Calculational
another at high light intensities.' ' This two- details are included in the Appendices.
level model predicts that the dependence of the
absorption coefficient as a function of intensity 11, THEORETICAL APPROACH
is given by

a (',) In semiconductors with the diamond or zinc-
a(I, ci) = [I +- )]- (1) blende crystal structure, the valence-band maxi-

mum occurs at the zone center.12 There are six
where 00(w) is the absorption coefficient at low bands (three sets of twofold degenerate bands)
intensity, and 1(w) is the saturation intensity. near the valence maximum. Four of the bands are
The behavior described in Eq. (1) was found to be degenerate at k = 0 and the other two bands (degen-
reasonably well satisfied experimentally, and crate) are split off to lower energy by the spin-
values of I(w) were determined. 2' However, orbit interaction. Awty from the zone center,
attempts to calculate 1,(w) as a function of photon the bands degenerate at k = 0 split into 2 twofold
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( ference in the feeding rate of free holes from the
. Rci..ji[(') -f ( '), ( ) equilibrium feeding rate for the state with wave

vector k in the heavy-hole band. The function
and G(k) is analogously defined for the light-hole band.

[Scattering into the light-hole band is small be-
G(Q) = v ) -f.'(')b, (13d) cause of the small density of light-hole states.

Thus the function G() is less important than F(k).]
wheref,(k) is the equilibrium value for the dis- In terms of the auxiliary functions, the distribution
tribution function. The function F(-) is the dif- functions can be written as

""' ~T *(;)I F()T.[) + A()T (i)T, () F(k) + G(k)f :(, ,- 1+j()T ) T )] + " -- +( [() T() (14a)
I f,(k)__( + ) ) + PJk)T)k) + T, k))

and

f1()=f' k + P(1[)[ Th (K)+ T, (k)] I + JP(rL)[T,(E) + T, (J] " (14b)

The difference in occupation probabilities which cal-phonon scattering is the dominant energy re-
appears in the expression for the absorption co- lazation mechanism. The optical-phonon spec-
efficient is given by trum is relatively flat for small k with an average

f(0) 6( ) energy of 0.037 eV. For the small k region in
f&)-f, M + )[k)which we are interested, the acoustic phonon en-

ergy is quite small, and we neglect it. Although

T,(k)F(j) - Ti(k)G(k) acoustic phonon scattering does not contribute
+ I + 00)[ T( )+ T (E)] (15) significantly to energy relaxation, It can change

the wave vector of the hole. The valence bands
The first term in q. (15) gives the population of Ge are rather anisotropic and an acoustic pho-difference that would occur for the states at k 1f
the poplatios of the states that food those at non scattering event can take a hole from a region
the pgins the eslibrm tafes Te in which (E) is small to one in which it is large.
were ovem by their equilibrium values. The Thus, although acoustic phonon scattering is less
secoi d term in q. (12) accounts for the change important than optical phonon scattering in deter-
in the populato of the states that fe d those at mining the distribution functions, it is not negli-

. For those values of which are tmportant n5 gible because of the anisotropy of the valence
the integral In Eq. (11), the first term in Eq. (15) bands. We take the scattering rates to be given
to found to be significantly greater than the sec- by's
ond.

Using Eq. (12) and the definition of the auxiliary 2v
functions, one can write equations which deter- Jtdi-bi= -
mine F(k) and O(k). If there in no ano-lar depen-
dence in the phonon scattering matrix elements 2w
which go into the scattering rates, the functions + f rM-.(A)- E,(;,) - XW0)

F(i) and G(k) depend on E,(i) and E(k), respec- +2 IM O128f.(E ) - E,(k')), (16a)
tively. Thus, one-dimensional (rather than three- 7-
dimensional) equations must be solved to deter-
mine these functions. Our treatment of these where
functions is included in Appendix D.

l. CACJLATION AND RESULTS FOR pGe 1M*A.c - ,V  +i1, (16b)

In order to calculate the difference in occupation E2 W I-t~c

probabilities for the heavy- and light-hole bands, VMp1 : V* , NO

it is necessary to know the free-hole scattering
rates. We consider the region of temperature and and

impurity densities for which hole-phonon scatter- _ (lkd
Ing is the dominant cattering mechanism. Opti- IM,, 12 7 (16d)

- .-Vp-.'.- .'
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Here IMI' Is the squared matrix element for TABLE 1. Valmce-band deformation potentials used
optical phonon emission, IM1 I is the squared in the calculation of phonon scatterIn rates.
matrix element for optical phonon absorption, and
M. I' is the squared acoustic phonon scattering 8, (eV) E, (eV)

matrix element (summed over both absorption and Go 3.5 6.8 a
emission processes). In Eq. (16), E, (Ew) is the GaAs 3 .6b 6.5 b

deformation potential for optical (acoustical) pho-
non scattering, hw9 is the zone-center optical *Refeeoe 20.
phonon energy, p is the, density, u is the longi- bReference 23.
tudinal sound velocity, N, is the optical phonon
Bose factor, and V Is the sample volume. Follow-
ing Ref. 19, we have neglected angular dependence
in the phonon scattering matrix element and taken into a resonant optical transition region by opti-
the scattering rates to be the same for the heavy- cal phonon scattering are, for the most part,
and light-hole bands. The numerical value for themselves out of the resonant region. Thus, the
the constants appearing In the squared matrix ele- population of these states is not directly depleted
ments were taken from the mobility fits of Ref. by the optical transitions. The population of these
20; they are listed in Table I. The scattering states is indirectly depleted by the optical transi-
times T2 (k), TA(), and T,(E) are computed fronw tion because there is a decrease in the feeding
Eqs, (6c), (13a), and (13b) using these scatter- rate of these states owing to the decrease in popu-
Ing rates. Optical phonon scattering (primarily lation of hole states in the resonant region. How-
emission) dominates in the results for T2(k) and ever, this decreased feeding from the resonant
T(E) for the states of interest. For T,(E) in the region is partially compensated for by an in-
resonant region, optical phonon emission is typi- creased feeding from the rerouting of optically
cally not possible and acoustic phonon scattering excited holes.
makes a significant contribution to TAMk). For acoustic phonon scattering, the energy of

The free-hole energies E() and E,(-k) and the the initial-hole state in the scattering event is
momentum matrix elements IP(') 2 are deter- essentially the same as that of the final-hole
mined by degenerate k p perturbation theory."1  state. As a result, hole states that can scatter
The cyclotron resonance parameters of Hensel into a resonant optical transition region by acous-
and Suzu01 are used. tic phonon scattering are, for the most part, in

the resonant region themselves. Thus, the popu-
A. Fbnt epproximation for f,(Y- f,(L') lation of these states is directly depleted by the

As a first approximation for the population dif- optical transitions. Including only the first term
ference f,(k)-f (6), -'.P neglect the auxiliary func- in Eq. (15), therefore, overestimates the impor-
tions F(k) and GtE) and include only the first term tance of acoustic phonon scattering. At this level
in Eq. (15). This approximattbn is equivalent to of approximation, it is better to Ignore acoustic
assuming that the rate at which free holes are phonon scattering. We will see that this first
scattered Into the states involved In the optical approximation for, (k) -f (k) ignoring acoustic
transition is 6Ivet, by the equilibrium value. For phonon scattering produces results close to that
optical phonon scattering, the energy of the initial- of our more complete calculation.
hole state in the scattering event differs from Using only the first term in Eq. (15) to deter-
that of the final-hole state by the optical phonon mine the population difference, the absorption
energy. As a result, hole states that can scatter coefficient becomes

IV, 1r3()-)Y+ [l/Ta(i)]zL1+ /l(I)] (17a)

where

1() Xc,(ITEm 2  (17b)S[T ,(E) + T, W]T,(i% )2, t P,(E "

Transforming to an Integration over surfaces of constant Q(), and assuming that the power-broadened
Lorentzian is sharply peaked, Eq. (17a) can be written as
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Here the integral Is over a surface of constant rect optical transitions. Additional dips in the
fl(s. Integrating Eq. (18) numerically, we find heavy-hole distribution function occur because of
that the absorption coefficient satisfies Eq. (1) the discrete energy of the optical phonons. The
to high accuracy. Indeed, if l(M) were indepen- increase in the heavy-hole distribution compared
dent of k over the region of the surface integral, to the equilibrium value at large values of k is
Eq. (18) would reduce to Eq. (1) exactly. due to scattering of the photoexcited holes In the

For bole densities and temperatures such that light-hole band into the heavy-hole band.
hole-phonon scattering dominates the hole-impuri- The absorption coefficient is calculated numeri-
ty and hole-hole scattering events, values of M.w) cally. The calculated result for A = 10.6 Am and
deduced from Eq. (18) are independent of the hole T =295 *K Is compared with the expression in Eq.
density. Experimentally I.(c& has been found to (1) in Fig. 2. The value of 1. used in Eq. (1) was
be independent of hole density for densities less determined by fitting the calculated result for
than 4X 1011 cm 4s at room temperature.' az(I, w). The numerical results could be fit to an

accuracy of about 5% for intensities less than
3. ffiosb-odeapproina.on (f jA(W) -f,(r) 25 times I.. (This toathe range of intensities

which has been most frequently explored experi-
The auxiliary functions F(s) and G(-k) are com- mentally.) If only the first term in Eq. (15) is

puted numerically as discussed in Appendix D. retained, the calculated a4V, wa) has almost exactly
The distribution function computed from these aim- the form of Eq. (1). The second term in Eq. (15)
Wary functions for k in the [1111 and [1001 direc- is smaller than the first and leads to the small
tions together with their equilibrium values are deviations seen in Fig. 2.
shown in Fig. 1. The dominant dip in the heavy- Measurements of the saturable absorption in
hole distribution function and corresponding peak P-type Ge have been interpreted in terms of the
In the light-hole distribution function is due to di- inhomogeneously broadened two-level model

which produces Eq. (1), and the values of 1.1[w)
have been reported. In Fig. 3, we compare inea-

HOLE DISTRIBUTION IN p - Ge mured values of ZA(w) at room temperature as a
FO 10- 1,- [i DIRECTIO function of photon energy with our theoretical

9 -THERMAL EQUILIBRIUM values. The theoretical values of 1(w) are deter-
1. 30 MW/ cm, mined by fitting the expression in Eq. (1) to the

.,, . ~'calculated results for a(I, w) for Intensities be-
2 - tween zero and 100 MW/cm 2. In the range of pho-

a .~..ton energies considered, 1,(w) was found to in-

0.0, crease monotonically with photon energy. There

O~0 SATURATION BEHAVIOR VS
0 4 B 12 lB 20 24 O. INTENSITY R*G

MO HLE'DISTRIBUTION IN p-Ge 115 Mn
FOR r IN (100] DIRECTION

0.1 -THERMAL EQUILIBRIUM00

* \/ -I.SMW/effil

0.04 03

00.20

0 92 W B 1 I 0

MCI. 1. Calculated bole distribution functions in p-Ge NESTYIWC'

as finatje of3 for f In the 11111 and (1001 direc- FIG. 2. Calculated absorption coefficient normalized
fleas. 71e oalaulalmw were performe for Am 10.6 jur, to its low Intensity value as a function of Intensity for
7Tm3OIC, nilO 3 W/ctal. Tbs opUilhriuin disti- p-Ge. The calculatIons waeeperformed for 1*10.5 jur
bution imcoe are shown hlr coparson. N. ts the and T -305 *K. The Inboanogecusly broadened two-
OUsem" deity of own. Ileve model result with 1. -4.1 KW/cm' is asmo stlown.
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FIG. 3. Calculated saturation intensity as a fumction .J

of photon energy forp-Ge at 295"K. The experimental u
results are from Refs. 2-4. Erior bars are only given 0. 00o
in Ref. 2.

in Ref. 2. 1)DIRECTION IN p-Ge

o:2.00- FOR E

is good agreement between theory and experiment. o . .O3./I ..~, 0.2o5Xld%' " \

There are no adjustable parameters in the theory. IT.Tf', 0.122XIO'..c

The calculated results shown in Fig. 3 were If | 0.23 IA2 12

attained using the higher-order approximation T.

forf,() -f,(k). The results for the first-order T- 1
approximation are qualitatively similar to those
of the more complete calculation; the numerical
values of the two calculations differ by an approxi- ,3C .40

mately constant factor. At X =10.6 urm and T PHCTO. ENERGY mev)
=295 *K, the more complete calculation gives a FIG. 4. Variation of the factors which contribute to
value of I. of 4.1 MW/cm2 , the first-order cal- the photon energy dependence off, (w) in our first ap-
culation including acoustic phonon scattering gives proximation for the absorption coefficient inp-Ge. The
a result of 5.8 MW/cm2 , and the first-order cal- values of the factors are normalized to their value at
culation neglecting acoustic phonon scattering w = 11? meV (X= 10.6/pm). The factors were computed
gives a result of 3.5 MW/cm2 . Thus the first- forT -295'K.

order calculation neglecting acoustic phonon scat-
tering is within about 15% of the more complete dependence of 1,(w) in p-Ge for light with a wave-
calculation. This result is interesting because length of 10.6 Am. I.(w) increases monotonically
the first-order calculation is much easier and less with temperature. This increase is due to the
expensive to perform than the more complete increased rate of phonon scattering at higher tern-
calculation. peratures. Because of the rather strong depen-

The increase in 1.(w) with increasing w is due dence of 1.(w) on temperature, it should be pos-
both to the behavior of the scattering rates and the sible to tune the saturation behavior of p-Ge with
optical matrix elements. The relative contribution temperature.
of the scattering rates and the optical matrix ele-
ments can be most easily seen in the first-order IV. CALCULATION AND RESULTS FOR p-GaAs
calculation. At this level of approximation, 1.(w) The dependence of the absorption coefficient on
is given by a weighted average of 1(k) [see Eq. tedependenceGofsthe absoretionbcoefficientaon
(18). The values of l(i) are proportional to w2, intensity in p-GaAs can be described by the same
T

1zS(k), [T,( ) + T1  )]" , and ]Pa:(k) 2. In Fig. theory as in p-Ge. We use the cyclotron reso-

4, the variation of these factors is illustrated as
a function of photon energy for k in the [100] and , , -W
(111] directions. - *

Since the usefulness of p-Ge as a saturable ab- E

sorber in COk laser systems is determined by its
saturation characteristics, it Is of interest to be
able to control the saturation behavior. Since
optical phoon scattering Is the dominant relaxa- 20C 25 ' sm W
tion mecbanism, and the optical phonon occupation YTMRA* fI

is temperature dependent, it is clear that 1(w) FIG. 5. Cnlulated saturation intensity as a function
will depend on temperature. In Fig. 5, we pre- of temperature for p-Goe and light with a wavelength of
se"t the results of a calculation of the temperature 10.6 Pm.

k °
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nee parameters of Lawaetzt to determine the SAI.IO. ENTE.ST

GaAs valence-band structure. (We neglect the V40 PMOTO ENER 

small terms linear in I which appear in the k, p
perturation theory for zinc-blende cyrstals.)
Hole-phonon scattering is described as in Ge; the 30

deformation potential parameters are taken from
Ref. 23 and are listed In Table 1. We neglect the "
small splitting between the zone-center LO and 20
TO phonona and take an average optical phonon
energy of 34.3 meV. The Input parameters that 7 1
we use for GaAs are not as accurately known as 110 12T ISO 140

those for Ge. 
P

Our calculations of the intensity dependence of FIG. 7. Calculated saturation intensity as a fumction
the absorption coefficient give a result that is of photon energy forp-GaAs at 295K.

numerically close to the inhomogeneously broad-
ened two-level model result of Eq. (1).24 In Fig. 6, mass is larger in GaAs, and as a result the den-

we compare the calculated result for A = 10.6 Am sity of final scattering states is larger in GaAs.

and T=295 *K with Eq. (1). As for Ge, the small Saturation of intervalence-band absorption in

difference between the calculated result and in- p-GaAs has been observed in one experiment in P-

homogeneously broadened two-level model result GaAs.' A saturation intensity of 1, =20±5 MW/
comes from the second term i Eq. (15). cm2 at X=10.6 Am and room temperature was re-

In Fig. 7, we show the theoretical results for ported. However, these measurements were

1(w) as a function of photon energy at room tem- performed over a relatively small range of inci-

perature. The theoretical results are determined dent intensities and were interpreted in terms of a

by fitting the expression in Eq. (1) to the calcula- homogeneously (rather than an inhomogeneously)

ted results for a(J, w) for intensities between zero broadened two-level model. If the results had

and 100 MW/cm2 . The results for 1,(w) are qual- been interpreted in terms of the inhomogeously

itatively similar to those for Ge except that ,(w) broadened two-level model (which we believe

is uniformly larger in GaAs than in Ge. The would have been more correct), a smaller value

values of l.(w) are larger in GaAs than in Ge pri- of 1. would most likely have been attained.

marily because the hole-phonon scattering times In Fig. 8, we present the results of a calcula-

are shorter in GaAs. The scattering times are tion of the temperature dependence of the satura-

shorter in GaAs because the heavy-hole effective tion intensity at A=10.6 Mm in p-GaAs. As forGe, 1. is an increasing function of temperature
owing to the increased phonon scattering rates at

SATURATON e.AVIoR VS higher temperature.
INTENSITV FOR p-GoA$

MODE .2,_ i lls
- CALCULATEO VALUE V. SUMMARY AND CONCLUSIONS

--..O E. 110ME"Ou$ 1oA We have presented a theory of saturation of
O. heavy- to light-hole band transitions in p-type

semiconductors with the diamond or zinc-blende
e o crystal structure. Detailed calculations have

QUE I0D SATUIATIO. 1ENSITY VS TEMP .-

FIG . Calculated absrption coefficient normalized 20 2.030
to li low-intensity value as a function of Intensity for TEMPERATURE (%)

D-GaAs. The calculations were performed for keel0.6am .id T -35K. The inhomoganusly broadned FIG. 8. Calculated aturation intensity a a f200tion

two-led model result with1,-22 MW/cm is also of temperature forp-G&As and light with a wavelength
sow . of 10.6 ism.
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been presented for p-type Ge and GaAs. We dp .(
found that the intensity dependence of the absorp- t =
tion coefficient is closely approximated by an in-
homogeneously broadened two-level model. For We assume that P can be approximated by

the temperature and concentration range where p(t). o()PL, (A2)
hole-phonon scattering dominates hole-Impurity
and hole-hole scattering, I, is found to be inde- where t) is the free-hole density matrix, and
pendent of the hole density. This behavior is con- PL describes the lattice in thermal equilibrium.
sistent with experimental results. The dependence Using standard approxinations,25 one finds
of the saturation intensity on photon energy has .i (t)
been computed and compared with available exper- d ftt
imental results. Good agreement between theory
and experiment was found. We have predicted the - dt'TrL [V(t), [I:(t'), l(t)PL1I.
dependence of the saturation intensity on tempera- (

ture. (A3)

Here the subscript I signifies that an operator is

ACKNOWLEDGMENTS in the interaction representation, and Tr, signi-

The authors thaik R. N. Silver and T. C. fies a trace over lattice modes.

McGill for many useful discussions. We thank From Eq. (A3), one can see that a(t) is diagonal
P. G. James, G. C. Osbourn, and M. S. Daw in wave vector. Prior to laser excitation, a(f)

for assistance with the numerical calculations. has the equilibrium value which is diagonal in

We gratefully acknowledge the support of the Air wave vector. Taking matrix elements of Eq. W),
Force Office of Scientific Research under Grant we see that the time derivative of any matrix

No. AFOSR-77-3216. One of us (D. L. S.) acknow- element of dat(t)dl which is off-diagonal in i is
ledges support from the Alfred P. Slon Founda- equal to a sum of terms, all of which are propor-tion. feonal to a matrix element of al(t), which is off-

diagonal in . Thus when the equation is inte-
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APPENDIX A: FREE-HOLE DENSITY MATRIX ments of o(t) vanish. This result is to be expec-
In this appendix we outline the derivation of ted since the electromagnetic field leads to tran-

Eqs. (6a)-(6c) for the hole density matrix. We sitions between states with the same wave vector.
consider the low-hole density limit and take the Taking matrix elements of Eq. (A3), dropping
Hamiltonian to be given by Eq. (2). The density nonresonant terms and returning to the Schro-
matrix P(t) satisfies dinger representation gives Eq. (6).

APPENDIX B: EQUATIONS OF MOTION FOR J'(ri

In this appendix we derive Eq. (7). Multiplying Eq. (6b) by P', taking the time derivative and tracing
over bands gives

d2 Trl,[, 0P +rT I d t)P'] =-T•(BI)

We have used the facts that a, I, and R, are all diagonal in k and hence can be cyclically permuted
in the trace on bands and that [ ' ]vanishes. Using Eq. (6b)), we can write

Iwrit

1~ ~ T(-. M) T r,{1,). (132),f~'"T TTr[<, '. m

Thus Eq. (BI) becomes

Trjok, 016'] + 2 d Tr4j7(i, t)'l + Trtr(i, t)']= -I Tr.{o(, t)((M. + v), 114, '1]t

(83)

(s _

----Q- - -
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Evaluating the trace on the right-hand side, multiplying by (Neim), and neglecting [I/T 2 (i)] 2 compared
with [L(k)]f gives Eq. (7).

APPENDIX C: EQUATIONS OF MOTION FOR THE DISTRIBUTION FUNCTIONS

In this appendix we derive the equations for the distribution functions Q(k) and (k). Multiplying Eq.
(6b) by (NeP'/m) and taking the trace over bands gives

i )+ - , (1) Am-Q(I

a' ma a

Using Eq. (Cl) and neglecting [1/T 2 (i)] compared with w, Eq. (6a) can be written as (with b in the heavy-
hole band)

df(i.t) I (.iiJ(i) A - F,( )- Rkf .affc(_', 1)] (C2)
dt 2N-.cR(f)dt--

With b in the light-hole band, Eq. (6a) can be written as
1 [d) - I ( k)A - \X -F-1, a af " o 0

Assuming 3(k) and A have sinusoidal time dependence and averaging over many cycles, one gets the
steady-state rate equations of Eq. (12).

APPENDIX D: AUXIUARY FUNCTIONS F(r') AND G(r)

In this appendix we describe our treatment of the auxiliary functions FG) and G(k). From the definition
of these functions, we see that when the phonon scattering matrix elements are approximated as indepen-
dent of the scattering angle, F(k) depends on E,(Z), and G(k) depends on EI(k). Using the definitions of
F() and G(k) and Eqs. (12a)-(12c) for the distribution functions, F(E,(k)) is seen to be determined by

G ,('),(k) (k)

+ T,(E')]+ 1

and G(E,(k)) is determined by a similar equation where (h) in the scattering rates is replaced by (Ik).
The vinction G(k) describes the increased (from the equilibrium value) scattering into the light-hole band
states. Because of the small density of light-hole band states, the magnitude of this function is much
smaller than that of F(k). In addition T,(k) is much greater than Tl(k). Thus in Eq. (Dl), we neglect
Tr(k)G(k) compared with T,()Fk). We have explicitly checked the self-consistency of this approximation
at the end of the calculation.

Equation (D1) is an inhomogeneous, linear inte- k [ RiT.,f Tv() + R,r.,T(_0)j
gral equation. Because of the energy conserving i'
6 functions In the phonon scattering rates, it re-
duces to algebraic equations relating F(Et()) at
different values of E,(). The term proportional by
to R~f.jPFE,(k')), however, is responsible for
coupling the equation for F(E,(i)) to those for all X2 [ - R.i.T, (i') + R..,i TI (k')I
other values of E,(k'). [In other terms, the equa- i'
tion for F(E,())is only coupled to those for x0(k')[tfjk') .f,(k')]', (D2)
F(E,(Q) + 11w,) and F(E,(k) - Io)]. To overcome
this difficulty, we approximate the first term on where [f,(k') -fl(k')]' is the first approximation to
the right-hand side of Eq. (D), which can be ,(k) -f,('); that is, the first term in Eq. (15).
written as Here X is a function of Nw, T, and I, but is as-
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sumed independent of E (k). We determine X by which is a series of inhomogeneous linear alge-
requiring braic equations. We truncate the series for EA(k)

> 400 meV. (F(E.(i)) is negligible for these high
2 (k')[fA(k') .energies.] We first find the solution for X = I.

Calling the result of this calculation F', F is

=XI: 0(;')f"(i') f1(k')p. (D3) given by XF'. We determine X from Eq. (D3)
E, which reduces to

Since scattering to the light-hole band is much
slower than scattering to the heavy-hole band ds f P ,s"(k)"T/(kflkTz ]
(owing to the small density of states in the light.. X = I - III.( ) (D6)
hole band); -f ds[f(R)_f ,) . (

(D4),,, lVi ) Ill +1//1(k)]"
n

f iIn order to limit the numerical expense, we ap-
Thus Eq. (D3) assures that the integral of the proximate the surface integrals in Eq. (D6) using
positive and negative parts of Eq. (D2) are sepa- the four-point prescription suggested by Kane."2
rately satisfied. We solve the equation From Eqs. (11) and (D3), we see that the func-

tion X relates the absorption coefficient calculated
F(EI()=XE L- Rh,.jTj(k')+ Rui..IT,(k')] in the first approximation to the result of the

P' (more complete calculation by
o (l, W) =Xal, W) , (D7)

E P'-F(E('))Th(k'), (D5) where O(I, w) is given by Eq. (18).
1'
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We present a calculation of the saturation intensity Is of p-Ge at 10.59
Um as a function of the impurity concentration. The e fect of residual
absorption is calculated and foun4 to be important in the interpretation
of experiments for intensities much greater than I

s

The absorption of light in p-type Ge has - Tie 4 2 a
been shown to saturate at sufficiently high in- V 2_3/2 NJ £n(l+ a)-- 2 (2)

tensities at wavelengths near 10 M.(l3) This K 22' E 1+-

behavior has been analyzed by modeling the Ge
valence band structure as an ensemble of two- where
level absorbers(

4
). Recently, the saturation

characteristics of p-Ge were described by the 2Km*kBT
authors in a way which realistically accounts B 2 (2b)
for the anisotropic and nonparabolic valence N e 2f2

bands and which is in close agreement with ex-

periment(
5 " 6

). Both calculations are valid only K is the dielectric constant, m is the free-
tver a restricted range of impurity concentra- carrier effective mass, k is the Boltzmann c,,a-
tions. In this letter, we extend the range of stant, and N. is th .total concentration of
doping concentrations by including the effects ionized impulities .
of hole-impurity and hole-hole scattering. We Following Ref. (9), the rate of hole-hole
also investigate the effects of residual ab- scattering for a hole with energy t is given by
sorption.

The dominant absorption mechanism at room 2,- 4

temperature for light having a wavelength of 2
10.59 im has been shown to be ditect transitions Vhh ,2 3/2 (3a)

between the heavy-hole band and the light-hole
band(

7
). Absorption due to this process is where / 2 1/2

saturable, and the decrease in the absorption co- X - 1 + I ( ) 1 . (3b)
efficient with increasing intensity is approxi- 2 be

mately given by(
2 -4 )b

The calculation of I at different im-
purity concentrations is performed using the

0
' 
o

(W )  
theory presented in Ref. (6), where the calc"li-

-(1 tion of scattering rates is modified to incluo-
11hole-impurity and hole-hole acatt%6g in addi-

tion to carrier-phonon scattering . The in-

clusion of hole scattering by ionized impurities

where n is the absorption coefficient at low in- and other holes causes an increase in the scat-
tensity

0
due to direct free-hole transitions, tering rate of the free holes and introduces a

(I,w) is the absorption due to direct transi- concentration dependence in the saturation in-
?one as a function of intensity, and Is(W) is tensity. The result of increasing the scat-

the saturation intensity. taring rates is that higher intensities are
The theory of the saturable absorption of required to reduce the free-hole population in

p-Ge previously presented by the authors in- the heavy-hole band at the resonant region,
eludes only the carrier-phonnn scattering mecha- since the excited holes can re-route at a faster
nim in determining the energy and phase relaxa- rate.
tion of the hole carriers(S-6). We now present The calculated values of I as a function of
a calculation of the saturation behavior which the impurity concentration are liven in Fig. (1)
also allows for the interaction of the excited for 250, 300 and 3500K. We note that I is sub-
holes with ionized impurities and with other stantially independent of hole concentr tions
free holes. We consider only uncompensated for concentrations les than about 3x10 cm" ,
sampi#.% of p-Ge where the acceptors are all that is, in the region where the hole-phonon
shallow and ionized at room temperature condi- scattering mechanism is dtvinant. I r hsle con-
tions. centrations greater than art 3x10 c%7 , the

The scattering rate for a hole with energy saturation intensity begins to increase mono-

C by singly ionized impurities is given by tonically with increasing hole concentration due

395
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S,2 .RT T rTESITY VS t-QLE C0-ENTR.Thi'.
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-HOLEPONON, HOLE-IMPURITY, AND

HOLE-HOLE SCATTERING

, --- OLE-PHONON SCATTERING ONLY
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0
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Figure 1. Calculated values of the saturation
intensity I vs the hole concentration for p-Ge
with light faving a wavelength ot 10.59 pm.
Values of I vs N are shown for 250, 300 and

350
0
K. Theadasheg line in the figure repre-

sents a calculation of I assuming hole-impurity

and hole-hole scatterings to be negligible com-
pared to hole-phonon scattering. The solid line

in the figure represents a calculation of I
which includes hole-impurity, hole-hole, ang hole-
phonon scattering mechanisms.

to the increased scattering rate of the free periments are performed in samples of different
holes participating in the optical interaction. resistivities.
For hole concentrations less than about 3.5x10

1 5  
The effect of the residual absorption pro-

cm
" 3

, measured values of I at room temperature duces deviations of *'!)/(I-O) from the form
have been found to be independent of hole co- given in Eq. (1). Thi, deviation may be aignifi-
centrations(l) with a value of about 4 W tcm , cant for I " I owing to the decrease in the
(2-4) which is consistent with our calculation. direct intervalince band absorption compared to

For a fixed impurity density, we find that the nonsaturable absorption. The important
I increases with increasing temperature. This residual (nonsaturable) absorption mechanisms
ifcrease is predominantly due to the increase in are lattice absorption and indirect free-hole

the hole-phooo scattering rate at the higher transitions. Measured values of the lattice

temperatures59
-6
). The fractional increase in absorption yield ap - 0.013 cc at room tempers-

I with increasing Impurity density is smaller ture(
11
). The absorption coefficient L (W)

ffr the larger temperatures. The decrease in due to indirect free-hole transitions l approxi-
the impurity concentration dependence at higher mated by

temperatures occurs because the hole-impurity 2
and hole-hole scattering mechanism become less 41 Nhe2T

important compared to hole-phonon scattering as a (W) - - (4)
the temperature is increased. m e(14.22)

Thus, depending on the intended application where w is the frequency of the light, n is the

of the saturable absorber, we predict that atio refractive Index, and T is the average scattering

fixed temperature one can control the saturation time of the carriers determined by mobility data
characteristics by controlling the doping con- (12). The ntravalence band absorption cro

centration. In addition, knowledge of the effect 1Or 2

of the doping concentration on the saturation in- section estimated from Eq. (4) is about 10 cm
The total absorption coefficient at 10.59

tensity Is useful in interpreting independent The tt as
experimental results where the transmission e- can be written as:
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ofrom the form of Eq. (1). A deviation has been
QMI - ct.1 + a, + - ,(5) measured for I 2 200 MW/cu

2
. which Is consistent

/1+111with our predictions; however. other effects
a2 ay also be contributing to the deviation as dia-

where I has a calculated value ot abou 4~I/, cussed in Rsf. (6).
for a h~le concentration of 2xl 01,.2 5-*In conclusion, we have calculated the satura-
The effect of a nonzero ctp and ain Eq. (4) is tion intensity as a function of the doping con-

15 ..3centration. We have presented the results of theillustrated In Fig. (2) for N - 2.101'cm-1 dependence of the residual absorption on the
where values of Q( )Ic(I.O) are plotted as a calculation of the absorption coefficient and
function of intensity. Values of c(I)I(I.O) 2 fudta h feti motn o neste
are shown for intensities ranging up to I GWc 2 freate than thbouft 30 timpor n fo neste

which corresponds to the estimated optical da=maetrghnaouf0tme
threshold(

3
). For this value if N . %1.20 ca". Acknowledgement- The authors gratefully acknow-

CLI-O 02 cad1, and aL1-0.Ol3 Cm- . &hevalues of ledge the support of the Air Force Office of
a cdL(I-O) for h. - a, - 0 are also shown for Scientific Research under Grant No. AFOSR-77-
comparison. The 1nclution of residual absorp- 3216. One of us (DLS) acknowledges support from
tion effects become Important for I >> I and the Alfred P. Sloan Foundation.
produces significant deviations of MtI)IntI-O)

EFFECT OF RESIDUAL ABSORPTION ON aCl) FOR R-Ge
A. 10.59. T - 295*K N" 2 10i '0

-NO REtSIDUAL ASSORPTION

0.20 --- INCLUDES RESIDUAL ABSORPTION

Figure 2. Calculated values of the absorption
coefficient a(I)/a(I;Oj vs intensity for a hole
concentration of 2xl 1 ct-3 and light having a
wavelength of 10.59 Vim. The solid line in the
figure represents the calculated values assuming
no residual absorption. The dashed line in the

figure represents the calculated values assuming
residual (non-saturable) absorption due to

lattice absorption and indirect free-hole transi-
tions. The upper curves show values of a(I)/1(I-0)
for intensities In the range of 1 - 100 MW/cm i
and the lover curves are for intensities ranging
from 100-1000 MW/cml
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We present the results of a theory describing the saturation behavior of p-type semiconductors,
such as Si, with small spin-orbit splittings by high intensity light with a wavelength near 10 jm.
We consider absorption due to direct intervalence-band transitions between the heavy-hole and
light-hole, heavy-hole and split-of, and light-hole and split-off bands. The functional form for the
iaturation of each transition is given and values for the saturation intensity as a function ofphoton
energy and temperature are reported.

PACS numbers: 78.50.Ge, 42.10.Ke

I. INTRODUCTION II. THEORETICAL APPROACH
In a previous publication' we presented the results of a In previous work we have given an expression to deter-

theory describing the saturable absorption of several p-type mine the decrease in the absorption coefficient with increas-
semiconductors for light having a wavelength in the 9-1l ing intensity when only the heavy-hole and light-hole bands
Am region, which corresponds to the CO2 laser spectrum. were involved in the optical transition.'-"-" Analogous ex-
The dominant absorption mechanism is intervalence-band pressions can be written for direct transitions between the
transitions where a free-hole in the heavy-hole band absorbs heavy-hole and split-off bands and between the light-hole
a photon and makes a direct transition to the light-hole and split-off bands. In order to numerically integrate the
band. The absorption due to this mechanism has been shown expressions for a,_,a, , and a,_, we must calculate the
to be saturable in Ge2- and GaAs.2 Results of the theory steady-state distribution functions in each band as a function
have been presented for most of the Group IV and III-V of intensity for each wave vector k. If we assume that the
semiconductors for which the spin-orbit splitting was large three direct optical transitions are uncoupled, then the ab-
compared to the energy of the incident photon. However, for sorption due to each resonant transition can be independent-
materials such as Si, where the spin-orbit splitting is less than ly analyzed. That is, we can determine the saturation charac-
the photon energy, one must generalize the theory to include teristics for a,_,,a,.,, and a,-, independently using the
transitions from the heavy-hole to light-hole band, the theory previously presented. Here, we assume that the modi-
heavy-hole to split-off band, and the light-hole to split-off fication in the distribution function of free holes due to one
band. In this paper, we consider the saturation properties of particular resonant transition between two valence bands in
Si and InP, GaP and AlP which also have small spin-orbit k space does not strongly affect the distribution of free holes
splittings. in the resonant regions for the other transitions. This as-

The absorption coefficient for these materials in the 9- sumption is made in order to limit the numerical expense
11 jIm region can be written as involved in the calculation of the distribution functions for

a = a, + a,,-, + ah, + a,-,, (I) each band; however, a more exact calculation can be per-
formed provided new experimental evidence becomes avail-

where a, is the residual absorption due to phonons, ak,, able to justify the additional complexity in the calculation.
(a.,) is the absorption coefficient due to direct heavy-hole We present the calculation to qualitatively characterize the
to light-hole (split-off) band transitions, and a , is the ab- saturation behavior of these materials and determine if the
sorption coefficient due to direct light-hole to split-off band saturation properties are of sufficient interest to warrant ad-
transitions. The effect of lattice absorption depends on the ditional experimental investigation.
wavelength of the light and the temperature of the material. In Ref. 8 we find that a,- is given by
Lattice absorption at 9.6 jm requires the cooperation of at 4r Ne 2

least three phonons to conserve energy and is therefore -,I- :a )
small. In Si, two-phonon absorption is energetically possible (E,)" 2 m20c 3 r
for a wavelength of 10.6 jm. The absorption of light by the X dS (p.,(k)fL' (k) -. rl(k)] )
creation of phonons can be included in a straightforward J VkOA,(k)I [I +I I/g,(k) 2

way, since this process is nonsaturable and just adds a residu- (2)
al absorption term.' In this paper, we analyze the saturable where
absorption due to the direct intervalence-band transitions. 342:C(4. )1/

2m 2w
The paper is organized in the following way: in Sec. II ,(k) (3a)

we describe the theoretical approach, in Sec. III we present
the results of the calculation, and in Sec. IV we summarize 2 +
our conclusions. TA,(k) (3b)

4236 J. Appli. Phys. 52(6), June 1961 0021-8979/81/064238-03501.10 1 8 1 American Institute of Physics 4239



TABLE I. Pammahn OId in eermiasm the vajlmei-band defonmution
-h (R11.0)) (3c) pOMhi pmmeien. The hale mabkiy ia given at room tianipeure in

Tunits of cm'IV Mic. VshAUM of are given in units of eV2 cin C2/5m.
and ycloton A C

1 Material U m?/m. m?*, a rmonance (meV) (x10-1

Hee,R, _.,b. is the rate at which a hole in band a with wave Si 4W 0.S3b 0.16b 73(l Rd. 13 44.00 3.71
vector k is scattered into a state in band b with wave vector InP IS4 0.85' 0.000 49r Re'. 13 130.0 2.52Xal 107 0, o .14 ssr Rd. 13 8o00 3.59k, is the intensity ofthe light, N, is the density of holes, the Ga? 450 0.63' 0.24' 71' Ref. 13 5o.o 2.53

subscripts h (I) designate the heavy- (light-) hole band, m is
the free-electron mass 4w is the photon energy. e. is the *Rerence 12.
high-frequency dielectric constant, Iph,(k)12 is the squared "Referec 13.

'Reference 14.momentum matrix element between the Bloch states in the 'Reference 15
heavy- and light-hole bands Isummed over the two degener- 'Reference 16.
ate states in each band). ,(ik) is the angular frequency asso- 'Reference 17.
ciated with the energy difference (, fk)r,(k)), where e, (k) is 5Ref.era Is.

"Reference 19.the energy of the hole with wave vector k in band i. andfl(k) 'Referec 20.
is the probability that a hole state with wave vector k is occu-
pied in bend i in thermal equilibrium. The integral in Eq. (2) perimental results. Using the results of Ref. (10), we write the
is calculated over a surface of constant 12 ,(k). Analogous mobility/s as
expressions are written for ah, and a,-,. The method used
for determining the momentum matrix elements ip,,(k 2, ,  23/2,r" 2ei r+r/ 2, Om, 1-
Ip,.(k)12, and Ip(k)2 is described by Kane.' The one-hole = 3mo' 2 k 3/2 \+ -'1L o/ 1
energies are determined by degenerate k-p perturbation X S(,1,T)T -31 , (4)
theory.

We consider hole densities such that hole-phonon scat- where

tering is the dominant scattering mechanism. If we assume r - m?/mj, (Sa)
that the mobility data can be explained by acoustic and non- =Ep/E.)1, (5b)
polar optical phonon scattering, then the valence-band de-
formation potential parameters can be chosen so that the E /(p1), (5c)
temperature dependence of the mobility agrees with the ex- and

$I ,T x -d x (5d)

Here, me*,m?) is the elective heavy-hole (light-hole) mas, p accuracy by the functional form
is the material density, i is the average speed of sound, k, O is a,
the energy of the zone-center longitudnal optical pbonon, a,(I) = (6)
and E, 4(E,) is the deformation potential for the acoustic + 7/(;,) ]' (6
Inonpolar optical) mode. The values of t for the materials where a., is the low-intensity absorption coefficient and (1,),
considered are given in Table I. The values are obtained by is the saturation intensity of the P intervaknce-bnd transi-

u g - 4 and fiting the magnitude of the mobility at tion. Values of (I,, and (,), at A = 9.6jum and
rom temperature."' Given the values for the deformation T = 295 are given in Table II for the materials considered.
potential parameters, we can write expressions for the scat- Most measurements of the saturable absorption in p-
tering rates for acoustical and nonpolar optical phonon scat- type semiconductors are interpreted in terms of an inhomo-
tering following Conwell. " For the case of lightly doped gmenously broadened two-level model in which the reduc-
material near room-tespratur ionized impurity scatter- tion in the absorption coefficient is given by
ing and bole-bole scattering cn be nedlected.' For eaviekr
doped material, the elect f tese mattering mechanism a1 ) = (I + (7)
can be included in analogy with the results of Ref. 6.

where ao is the low-intensity absorption coefficient. The ab-
sorption coefficient from the sum of the three intervalence-

bond processes can be reasonably well approximated by this
11L OWILYl AND DOICUSON form for intensities in the range in which most saturable

We numerically integrate the expressions for a,-,, absorption experiments have bew performed I $1 00
a,-., and a,, and find that the intensity dependence of the MW/cm). For intensities low enough that the square roots
absorption due to each direct transition can be fit to high in Eqs. (6) and (71 can be power series expanded, one has

4M JP. PhM Val S&. No.5 6.jue1951 Ft. 8. JONOm and 0.L~mW 422 a



TABLE II. Parameters 'iicfbui the Usattion chaactetlstcs for hgavy- TABLE Ill. Values of a, /,, for transitions between the heavy- and light -
hole to light-hole hand tanstions. heavy-hole to aplt-offhanid tIariitofts, hole bands, the heavy-hole and split-off bands, and the light-le and split.
andliht-bole to apit-offband transitions for T. - 295 K and E0 - 129.8 olrbands. All values amegiven for aphoton energy of 129.8 meV (A -9.6
UmeV. Values of the saturation intensity are given owing to the cumulative pmn) anid i-orn-temperature conditions.
effect of all three direct tntervalence-lmd transitions. Alsomicluded are the __________________
Amt derivatives of the saturation intensity with respect to photo. energy la) al boh-,
and temperature. All iniensities are given In units or MW/cm2. Material -o -2

Mateltal (I.L Il)VA. (I.), 1. L ( I '0a ('MW I0 St 0.37 .39 0.61

Gap 0.14 0.58 0.28
Si 301 127 161 175 3.3 1.7 AlP 0.71 0.19 0.10

* m~~Ir 745 -. 97 159 8 1.0 __________________________

*Gap 1900 161 332 229 0.9 2.3 'The h-.s transition in InP is not energetically allowed for this photon
AlP 104 190 215 122 3.1 1.0 energ

'The ht-5 transition in InP is noot energetically allowed for this photon
enRgyV. tions of saturable absorbers to CO. laser systems as otherp-

type semiconductors such as Ge. In addition the residual
a Inonsaturable) absorption is larger for the materials consid-

(8) ered in this paper owing to their larger longitudinal optical-
1s a j (.),phonon energy, which is undesirable.

The values of a1 la0 for each of the three resonant transi-
tions are listed in Table III. We have taken 1, to fit the result ACKNOWLEDGMENTS
for the sum of the three processes for intensities up to 100 The authors gratefully acknowledge the support of the
MW/cm' ' We find the saturation intensity to have a smooth Air Force Office of Scientific Reaearch under Grant No.
behavior near room temperature and A = 9.6,um AFOSR-77-32l6. One of us (D.L.S) acknowledges support
(En 129.8 meV). This allows one to describe the saturation from the Alfred P. Sloan Foundation.
near room temperature and near E0 by giving the values of!,

(at E0= 129.8 meV and T- 295 K) and the slopes
a4IaEh-. and UaI~ITI.. The values of I, , 1aE11,, , and
Ua/allT. are given in Table 11.

Values of the saturation intensities in the materials with
small spin-orbit splittings are generally larger than the val- 'R.B. James and D. L. Smith, J. Appl. Phys. 51, 2836 (1980).

ues n mteralswit lagerspinorbt sliting suh a Ge 2A. F. Gibson, C. A. Rasito, C. A. Raffo, and M. F. Kimtnitt, App. Phys.
and GaAs. This difference is primarily due to the relatively LeC. R. 3hps5J.6n)S1.9hmsOt.Ltt723(171
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As a result, the resonant optical transitions occur at larger IEEE J. Quanitumt Election. 13. 35(1977.
values of (k 1. As discussed in Ref. 1, this leads to large sct IF. Keilmann. IEEE J3. Quantum Electron. 12,.592 (1976).

*R. B. James and D. L. Smith, Solid State Commun. 33,.395 (1930).
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play an important role in determining the value of the satura- I E. M4. Cowel. J. Phys. Chem. Solids 8, 236 (1959).
tion intensity. "J 1. Pankove. Optical Pnocesses in Semiconductors (Dover. New York.
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4W. Richter, Springer Tracts in Modem Physics 78. Solid-State Phywsi,degree of saturation was observed and a lower limit of 50 edtdbG.Hhr SinaVlgBln,17)p.74
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We present the results of a theory describing the saturation behavior of p-type semiconductors,
such as S, with small spin-orbit splittings by high intensity light with a wavelength near 10pm.
We consider absorption due to direct intervalence-band transitions between the heavy-hole and
light-hole, heavy-hole and split-off, ant. light-hole and split-offbands. The functional form for the
saturation of each transition is given and values for the saturation intensity as a function of photon
energy and temperature are reported.

PACS numbers: 78.50.Ge, 42.10.Ke

L INTRODUCTION II. THEORETICAL APPROACH
In a previous publicationI we presented the results of a In previous work we have given an expression to deter-

theory describing the saturable absorption of several p-type mine the decrease in the absorption coefficient with increas-
semiconductors for light having a wavelength in the 9-11 ing intensity when only the heavy-hole and light-hole bands
pm region, which corresponds to the CO2 laser spectrum' were involved in the optical transition. "-' Analogous ex-
The dominant absorption mechanism is intervalence-band pressions can be written for direct transitions between the
transitions where a free-hole in the heavy-hole band absorbs heavy-hole and split-of bands and between the light-hole
a photon and makes a direct transition to the light-hole and split-off bands. In order to numerically integrate the
band. The absorption due to this mechanism has been shown expressions for a,-,a,_ and a,_, we must calculate the
to be saturable in Ge2- and GaAs.2 Results of the theory steady-state distribution functions in each band as a function
have been presented for most of the Group IV and III-V of intensity for each wave vector k. If we assume that the
semiconductors for which the spin-orbit splitting was large three direct optical transitions are uncoupled, then the ab-
compared to the energy of the incident photon. However, for sorption due to each resonant transition can be independent-
materials such as Si, where the spin-orbit splitting is less than ly analyzed. That is, we can determine the saturation charac-
the photon energy, one must generalize the theory to include teristics for a,,-,ah,, and a, , independently using the
transitions from the heavy-hole to light-hole band, the theory previously presented. Here, we assume that the modi-
heavy-hole to split-of band, and the light-hole to split-off fication in the distribution function of free holes due to one
band. In this paper, we consider the saturation properties of particular resonant transition between two valence bands in
Si and InP, GaP and AlP which also have small spin-orbit k space does not strongly affect the distribution of free holes
splittings, in the resonant regions for the other transitions. This as-

The absorption coefficient for these materials in the 9- sumption is made in order to limit the numerical expense
I I pm region can be written as involved in the calculation of the distribution functions for

a = a, + a., + a, + a_., (1) each band; however, a more exact calculation can be per-
formed provided new experimental evidence becomes avail-

where a, is the residual absorption due to phonons, a,-, able to justify the additional complexity in the calculation.
la,,..,) is the absorption coefficient due to direct heavy-hole We present the calculation to qualitatively characterize the
to light-hole isplit-of) band transitions, and a, is the ab- saturation behavior of these materials and determine if the
sorption coefficient due to direct light-hole to split-off band saturation properties are of sufficient interest to warrant ad-
transitions. The effect of lattice absorption depends on the ditional experimental investigation.
wavelength of the light and the temperature of the material. In Ref. 8 we find that a,_, is given by
Lattice absorption at 9.6 #m requires the cooperation of at 4w N,e l
least three phonons to conserve energy and is therefore a,-, -I
small. In Si, two-phonon absorption is energetically possible (c. "2 m2 c 3 2
for a wavelength of 10.6 im. The absorption of light by the Sf 4 IP,,(ki IIV,(k) -f(kI I
creation of phonons can be included in a straightforward x IVkI2h1(k)I [I +J/th,(k)]/ 2  I
way, since this process is nonsaturable andjust adds a residu- (2)
al absorption terr.6 In this paper, we analyze the saturable where
absorption due to the direct intervalence-band transitions. 3*jcfe. )"=r/mQ,2

The paper is organized in the following way: in Sec. 11 (3a)(
we describe the theoretical approach, in Sec. III we present 17.1k) + Tfk)]T, (k)2re2 )pfk)2' (3a)

the results of the calculation, and in Sec. IV we summarize 2 • = S(Rh k + R,k_.), (3b)
our conclusions. Th,(ki+3
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= ~TABLE 1. Parmeten usd in deteamintin the valence-bend t.-ormauon

Th k~k(3c) potential puramem The hale inabiity ia given at room. emsperstwre inUnits ofcm2 /V uc. VauIMtar are given in umts oeV2 cm ec'/zn,

and
Cyclotron A

( MateriAl i' "'?/mo mo/Mto resmonce (MVi Ixl0-')---- . (~h...)-(3d)
TI(k) Pnels

Here, is the rate at which a hole in band a with wave Si 4W o.S3' 0.160 73T Ref. 13 44.0d 3.71
vector k is scattered into a state in band b with wave vector laP 14 0.85 0.09 498 Rd. 13 1j04Y 2.52

GaP ISO' 0.79b 0.14 b 582' Ref. 13 80.01 3.59
k',Iistheintensityofthelight, N, is the density of holes, the AP 45V 0.63' 0.206 714 Ref 13 500 2.53
subscripts h (I) designate the heavy- (light-) hole band, m is
the free-electron mass, Aw is the photon energy, E,, is the 'Reference 12.
high-frequency dielectric constant, p, ,(k) 12 is the squared "Reference 13.

'Reference 14.
momentum matrix element between the Bloch states in the OReference 15.
heavy- and light-hole bands (summed over the two degener- Reerence 16.
ate states in each band), D,,(k) is the angular frequency asso- 'Reference 17.
ciated with the energy difference (e, (k)E,(kf), where E,(k) is 'Reference 19.

kReference 19.
the energy of the hole with wave vector k in band i, andfl(k) 'Referene 20.
is the probability that a hole state with wave vector k is occu-
pied in band iin thermal equilibrium. The integral in Eq. (2) perimental results. Using the results of Ref. (10), we write the
is calculated over a surface of constant £2,,(k). Analogous mobility/s as
expressions are written for a,,-, and a,.,. The method used
for determining the momentum matrix elements Iph,(k)!, 2312 m 2e ' r + r3 2 -[( m c -'

Ip,0k)t , and )p,(k)J1 is described by Kane." The one-hole 3m 2 ',2, l / 2-- m'J ]
energies are determined by degenerate k'p perturbation x S(8,t7,T)T - , (4)
theory.9

We consider hole densities such that hole-phonon scat- where
tering is the dominant scattering mechanism. If we assume r m m /m7, (Sa)
that the mobility data can be explained by acoustic and non- s7= (E.,/E.)2, (Sb)
polar optical phonon scattering, then the valence-band de-
formation potential parameters can be chosen so that the E 2 E j/oti;2), (5c)
temperature dependence of the mobility agrees with the ex- and

s(e,17,T) I+-#1~&T 1 -11X X (5d)
S(O J) 1 + 6/TXeT - 1)(l --/xT)11 2 + e/T(l -OlxTP1 2

Here, m?(mf) is the effective heavy-hole (light-hole) mass, p accuracy by the functional form
is the material density, i is the average speed of sound, k, 0 is a.
the energy of the zone-center longitudinal optical phonon, aVl) = I ,2, 16)
and E. (E.) is the deformation potential for the acoustic [i + I/,),
(nonpolar optical) mode. The values of t for the materials where a, is the low-intensity absorption coefficient and (1),
conider ae iven in Table I. The values are obtained by is the saturation intensity of the Pb intervalence-band transi-
assuming 17 - 4 and fitting the magnitude of the mobility at tion. Values of (,),,, (I,),., and (I,)h at A = 9.6 pm and
room temperature.' Given the values for the deformation T =295 are given in Table II for the materials considered.
potential parameters, we con write expressions for the scat- Most measurements of the saturable absorption in p-
tung rates for acoustical and nonpolar optical phonon scat- type semiconductors are interpreted in terms of an inhomo-
tering following Conwel. " For the cue of lightly doped geneously broadened two-level model in which the reduc-
matera near room-temperature, ionized impurity scatter- tion in thL absorption eoofcint is given by
ing and hole-hole scattering con be negleced.' For heavier
doped material, the effect of these scattering mechanisms a(I)= - + " (7)
cm be included in analogy with the results of Ref 6. +1/I)

where at is the low-intensity absorption coefficient. The ab-
sorption oecient from the sun of the three intervalence-
band procses can be reasonbly well approximated by this

ML MqEWLYS ANI W form for intensities in the range in which moat saturable
We numerically integrate the expressions for a", absorpti experiments have been performed (I 100

a,.,, and a,,, and And that the intensity dependence of the MW/cm3 ). For intensities low enough that the square roots
absorptin due to each direct transition can be fit to high in EqsI (6) and (7) can be power swerim expended, one has
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TABLE 11. Parametera describing the saturation chantctertic for heavy- TABLE Ill. Values ofa./a,, for transitions between the heavy- and light-
bole to blt-bole band transition, beavy-hole to splht-f band tran itiOns . hole bands, the heavy-hole and split-off bands, and the light-hoe and splut-
and light-hok to split-off band transitions for To = 295 K and Ea - 129.8 off bands. All values are given for a photon energy of 129.8 meV iA = 9.6
meV. Values of the saturation intensity ar given owing tothe cc uletve pml and room-tempertture conditions.
daffct o11 three direct interalence-bnd transtuons. Also included are the

Sdemvatives of the saturation intensity with respect to photon energy _ao__, ao},-, ao..-
and temperature. All intensities ae given in units of M /cm' .  material .a. ..ao ae ao,

Material )I,) . (1,) , , h(W I 81, (M i Si 0.37 0.39 0.24
M i ifcm)meV 8, S r;W ,cm' iK) InP 0.39 -. 0.61

GaP 0.14 0.58 0.28
Si 301 127 161 175 3.3 1.7 AIP 0.71 0.19 0.10
lr 7 -43 . 97 159 8 1.0

GaP 1900 161 332 229 0.9 2.3 "The h-s transition in inP is not energetically allowed for this photon
AlP 104 190 215 122 3.1 1.0 energy

'The -s transition in InP is not energetically allowed for this photon
energy. tions of saturable absorbers to CO 2 laser systems as other p-

type semiconductors such as Ge. In addition the residual

I av (nonsaturable) absorption is larger for the materials consid-
. o7 (1 (8) ered in this paper owing to their larger longitudinal optical-

phonon energy, which is undesirable.

The values of aj /ao for each of the three resonant transi-

tions are listed in Table III. We have taken 1, to fit the result ACKNOWLEDGMENTS

for the sum of the three processes for intensities up to 100 The authors gratefully acknowledge the support of the

MW/cm2 . 
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(E0 = 129.8 meV). This allows one to describe the saturation f r the Ard P. Sloan Foundation.

near room temperature and nearE 0 by giving the values ofl,

(at Ea - 129.8 meV and Tm 295 K) and the slopes

a/IaE1E-, and a/anT-.. The values oflI, &/IaEIE., and

U,/iflT, are given in Table I.
Values of the saturation intensities in the materials with

small spin-orbit splittings are generally larger than the val- 'R. B. James aN D. L. Smith, I. Appl. Phys. $1, 2836 (19801.
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CAL'LAT-ION OF 3 wrr PhOFF TRAN PISIMF N Ih T-Ge EXCITEr BY A CO- LASEF

F. E. James and D. L. Smith
California Institute of Techno.log

Pasadena, California 91125

(Received 23 July 1980; in revi., form 3 October 1980 by H. Suh!)

We present a theory to describe trie enhanced transmission of a weak
tunable probe laser with a wavelengtn near 3 wr in the presence of a high-
intensity saturating beam with a wavelengtr near 10 wm. The mechaism
responsible for the increased transmission is the depletion of holes in
the heavy-hole band by the saturating beam.

At room temperature, the absorption spectrum stant,f.(0) is the probability that a hole state
of p-Ge in the wavelength region of 2-25 m is with waevector k is occupied in band i i- (k)
determjntd by direct intervalence-band transi- is the angular frequency associated with ae energy
tions I. For light with a wavelength between difference [cW(k) - E (k)] where E .i) is toe
5 and 25 um, the dominant transition occurs be- one-hole energy for a state with wivevector k
tween the heavy- and light-hole bands, for wave- in band i, and IF (WlI is the squared momentum
lengths between 4 and 5 um the dominant transi- matrix element P. the Bloc states in the

tion occurs between the light- and split-off heavy- and split-off hole bands (sunmed over the
hole bands; and for wavelengths between 2 and 4 two degenerate states in each band). Here,
um the dominant transition occurs between the [T (k)]b s is defined by
heavy- and split-off hole bands. For sufficient-

ly high intensities, the heavy- to light-hole 2
transitions have been shown to saturate due to a E h , R

+ 
s , •

depletion of the population of holes in the 
resonant [kT c . hic' s-c1')

region of the heavy-hole band (2-5). With a
high-intensity pump laser saturating the heavy-
to light-hole band transition, the transmission where Ra"bk' is the rate at which a hole ir. band

of a low intensity probe resonant between the a with wvveector k is scattered into a state in

heavy- and split-off hole bands is altered. If band b with wavevector k'.
The dependence of the absorption coeffi-

the wavelength of the pump laser is fixed and the cient on the intensity of the pump laser occurs
wavelength of the probe is tuned, there is a
spectral region for the probe in which the two through the distribution function in the heavy-
optictrl tregsiions rhe proed i e w their thole band, f (k). We consider the case in which
optical transitions are coupled due to theirthprbihfsuicelyownestyha

the probe is hoi sufficiently low intensity that
sharing of comon initial states in the heavy- it cannot saturate the transition (7). Thus we
hole band. These features have been experimental-
ly observed in p-Ge by Keilmann and Kuhl (6). In take the distribution in the split-off hole band
this experiment, the wavelength of the pump laser to be given by the equilibrium value. We calcu-

late the distribution function for the heavy-holewas fixed at 9.6 Um and the probe was tuned in band as a function of the intensity of the pum
wavelength near 3 um. In this counication, we

iresent a theory describino the enhanced trns-.
prsen a the describin the ence t e The valence band structure of Ge has been
mission of the 3 Um probe in the presence of the calculated by sever#l investigators to various

W me cn i s uP-Ge. degrees of accuracy 9-11 ). The more e at of
We consider single quantum transitions be- these calculations is given by Fawcett (9) where

tveen the heavy- and light-hole beads due to the the interactions between the valence band and
PUMP laser and between the heavy- and split-off the two neighboring conduction bands are treatedhole bands due to the probe. The absorption co-

effiien of he rob is ive byexactly rather than by pmerturbation methods. The
efficient of the probe is given by result of the calculation indicates that for

2 e
2  small k the heavy- and light-hole bands car be

'(/%e lf (k)]JP (k)i
2  

adequately descr1red by a simpler calculation2) - -he given by Kane IO and that the aplit-off band

2 .. is better approximated by a timler alculatior
given by Dresselhaus, et al 1. We calculate

1/(lw[ T2(k)]h )  the dispersion curves for the heavy- and light-
Se hole bands and he momentum matrix elements

(]/ kfollowing Kane (10). The dispersiorn curve forInlbah( ~-I /T 2 (I) the split-off band was taken to be

where te subscripts h(s) designate the heavy- E Wa) - -A 12_,p[Sin coP20 sir *
(split-off) bole bend, 0 is the density of boles,
I is the intensity of thl psup, 1W is the photon
energy of the probe bem, C Is the dielectric con- sin B cos a] , (3)
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& - .''c. -trr r.-~'rar -- t.rro'-, * E a PROBE ABSORPTION VS PHOTON ENERGY IN P-Ge i

are th- p:-"ar ana azir,;'*al arg.e5 r-.at~ve tc 00 N. 
- 
3 10" C,* X, - 9.6,1,, 3 0 0

a [("KZ] axi.
"
, respertlve~ . at, - i. ieerinea

by fittit,. to trip results c" Ref. tQ '

angul ar deperdence Tf the K tern in EA. -..8 2n
suggested x" F.mretry. .r va:. je of r used wa, 0 " "40MW/cm2

For te sma K regor o -60MW/cm
2

terent, tre fit of Eq. _3) tc tne res, -t. -of .ef. 0.6 -4

is iS very gooz. Zf course, tric re u*t -anr.l
be extended to large vaueF of K. The cyc ctror.
resonance parameters of Hense' ard Suzjki 0.4
were used.

For room temperature conditions, the dominant
scattering mecnaris. is pncnor scatterinf for 0.2

noe concprtration less trar about 3x!O-5cm". CL
For larger concer.trations, one shoud also icD 360 400 440 4 80
the effect of ho -i.,uriny and ho.e-no'e scat-
tering. Here we .onsler two cases; the low znr-
centraticr case an the case of a ho:e concer- .0 N. 1. 1O*cAm X. 9.6,,m T,300-0

tratlon of - 3xCltlc-3 (wricn corresponds to tre 20MW/cmz
experlmenta' conditions in Ref. 6). Th- phonor

scattering rates are treated as o. ef. (8 and 60MW/Chol'e-Impurity and holie-hole scattering are treated 8
asin 0 Ne/j"

The calculat-d values for the absorption . . 0.6
efficient of the probe as a functior. of the pnrotr "-
eneri' of the probe are presented In Fig. 11 for
a pump wavelength of 9.6 ur.. A: values of the OA

absorptior coefficient at a given photon energy
are giver, relative to the smal:-signal absorption

o I.,t at that energy. To indicate the depen- 0.2

dince of the absorption of the probe or the inter.- 0.0

sity of the pump, we plot o(l)'o for 1-20. 41 0 T 400 E 40 480

bC, and 60 MWicr. We note thatotne trans.is- PHOTON ENERGY (meW)

siop of the probe is further enhanced as tne
pump intensity is increased due to the further F i . tabculated spectral re-ponse for tre
depletior of the hole distribution it, tne
resonant region of the heavy-hoje band. We alsc absorption of a weaK tUnat prot, ir the Dre-
note that for a given intensity and probe energy' senc of a Faturatir.g pump laser wit , a wav-

values of a' are larger for more heaviY doped umrves ,r i . fr-Ge at room tempers ur

samples. Tni? occurs because ar increase in the Curves ar- showj, for pum3, intencitie, of

hole concentrstion increases the nole-impurity 6' and 8o MW'/cm
- 
. The top figure ii]ustrat-s

and hole-hole scattering rates. Thus higner In- *he probe absorption for hole concer.tratic, ru:

tensities are required to deplete tne heavy- that hel-hc e and hole-mpurity scatep oriT car

hole band population in the more heavily doped b - compard wibt furil-phltor stearTerinic

material. Th- bottom figur Illustrate- the pr(,te. b-crT~

.no quantity that is presented ty the authors tior for a hol" concentratii: of l.3xOC orr
1
.

of Fef. (6) is

I/o 0 - ir, T/kn ( we calculate is o(l) tnormalized to ot which iF
0o 'separately calculated). If the experimental

where T is the transmission with the pump and T geometry was accurately known, it would be
is the transmission without the pump. Because s straightforward to perform the spatial Integrais
the intensities of the pump and probe beams change and make a direct comparison with the experiment
in space or a scale which is long compared with but the experimental conditions were not accurately

the wavelengths of the beams and the carrier enough defined to make this practical. However,
mean free paths, this ratio can be written as the calculated values of a(l)/a account for the

main qualitative features of th experimental
- a(I(,z))dz results.

f p 0d2 0 The experiments of Ref. (6) were done at room
in temperature with a pump lager at A - 9.6 urn and

U/moJn - - a sample with N . 1.3x10
3

0cm
- 3

. The intensity
I of the pump laser was estimated by te authors

'in(p) d20 of Ref. (6) to vary bet',een 80 NW/cm and 7 MW/cm
2

S(5) as the beam passed through the absorbing sample,
(-aI) The pump was focused to a Gaussian spot size of

0 2w = O.T m. The probe entered the sample from
ere z is the direction of propagation of the the opposite surface and was characterized by an

probe, p is the axial dimension of the probe, elliptical cross section with 2w a 1.6 mv, in the
I (a) is the incident intensity of the probe plane of incidence and 0.4 perpendicular to

1 1s the ample length. The quantity which it. In addition the pump and probe beams were

, 1
___________________________
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rot colinear. Thus much of the probe was outride for the lifetim art. it ictr.o:o' r. a.-
of the pumped region. Ideally one would like tc most a. order -f mapnit..oe witr. me,->..
have the spot size of the probe to be considerarly mates .neoretica.4y. we ':n. a vr_,
less than the spot size of the pump. Under these about >.0f psec.) Is. our caua-, :o
experimental conditions, a dip in u/0 was oh- of the dir i a/ resuLts prirari. . !rcr
served. The dip was centered at a prSoe Pnerry structare effectsc Becauseof a ,'r-:; r
of 417 meV, the minimum value of a/ao was C.E. band str-jture, the enerpv ol the n t>t.,and the FK'H, of the dis was snout 13. meV. hole state rsonant with. tr - punt .a. r~ vsr'

The calculated values of o(lV'j predict tne wit, the direction in K-space fror at,.
location of the saturation dir center to be at 6C meV. The energy of the ;nitia nea%7-n.
4LO meV, in close agreement with the experimental state resonant wit. the Frore laser ai.c var:
measurement of 417 meV. The location of the dil with direction i. k-space. A- a rest, t',e
can be shifted to higher lower) probe energies valu- of the prob- frequency for whics the rana
by adjusting the pump to higher 'lower ;.hoto. neavy-nole statef are resonant wit? oot, crt::a.
energies. This allows a means tc tune the maxi- tran-:tjons will change witt, the particuLar
mUm transmission of the probe by ccntrolling tne directlor in K-spa.'. Thus ar..sotro;7y rosaa.s
wavelength of the pump laser. It has been pre- tne d"; i. t,'0 compared wit. t.e rpsF.7 one w>.
viously noted that the band structure results find in a spnierca. model for the tanc struct-r.
of Ref. 9) could account for the position of In addition, the distributior. of ncer not
the dip is). directly depleted by toe puo= laser car Ob(- t~

Comparing the magnitude of the calculated by scattering into the deT eted regions
dip in ia with the experimental results, we Also the curvature of the split-off h.ea
see that t~e calculated values of the dip are greater than that of the neav.-noe barei
larger than was measured. This is to be expected further broadens the dir
because, as we have previously noted, much of For semiconductors wit. .he dla.mnd :r
the probe passed through unpumped regions of zinctlende crystal structure, the valence ra
the sample in the experiment. is similar to that of Ge and enhanc-c trans-

The calculated value of the FWH. of the missiorn of a probe in the presence of a satra-
dip in co/L varies from about 70 to 110 meV for ting pump should be observable in these mater a
intensitie? in the 20-80 MW/cm

2 
range. The line- as well. Such measurements could provide usef,

shape is non-Lorentzian (there is an inner dip information or the valence band structure f:r
in the curve) owing to the convolution of the materials in which the cyclotron resonance pars-
Lorentzian lineshape of the probe with the hole meters are not as well know, as those for 35.
distribution function in the heavy-hole band. In conclusion, we have presented a teory
The experimental results indicate a somewhat describing the enhanced transmission of a rrote
broader FWHM. of about 130 meV. The experimental due to the presenc- of a saturating pu:t.
lineshape is approximately Lorentzin. Some of Detailed calculations for p-Ge with a pu=- .as5r
the discrepancy could be understood if the pre- wavelength of 9,6 om and probe energies betwe-r
sence of the calculated inner dip was not experi- 350 and 500 meV have been shown. The res;uto! o:
mentally ?bsrved owing to the broad frequency the calculation are qualitatively consistent wtt
settings lb of the probe used in measuring existing experimental measurements -owever, mcr

/ n experimental information is required for a detai.edo In Ref. (6), it was suggested that a homc- quantitative comparison.
geneous linewidth of about 80 meV for the heavy The authors gratefully acknowledge the support
to split-off band transitions is required to ac- of the Air Force Office of Scientific Resear-t
count for the measured width of the dip in Oi/n. under Grant No. AFOSR-77-3216. One of us ' ,
This large width requires a hole lifetime in acknowledges support from the Alfred F. Sloar
the split-off band of abou

t 
0.006 psec. We Foundation.

believe that this is an w.O.ysically small value
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The abaorption ofCO3 ne radiation alters the distribution of free holes inp-Ge due to optical transitions between

the heavy- and light-hole bands. The modification of the hole distribution function leads to a change in the
conductivity. We preent a calculation of the linear photoconductive response at 10.6 m in as a function of hole
denaity at roam temperature and as a function of temperature for fixed hole density. We also describe the
photoconductivey for high light intensities for which the effects of saturation of the intervalence-band transitions
are important.

1. INTRODUCTION distribution as a function of the laser intensity
in both the linear and nonlinear regimes. Using

The absorption of light in the 10- Am region by the calculated hole distribution, we determine the
p-type germanium is determined by direct inter- photoconductive response. We find reasonable
valence-band transitions in which a free hole in agreement with experimental results. There are
the heavy-hole band absorbs a photon and is ex- no adjustable parameters in the theory
cited to the light-hole band.' Since the absorption The paper is organize, in the following way: In
of light modifies the distribution of free hnles, Sec. H we present our theoretical approach, in
one expects a change in the sample conductivity Sec. IH we give our results for the change in the
upon illumination. Because the density of states conductivity, and in Sec. IV we summarize our
in the heavy-hole band is much greater than that conclusions.
in the light-hole band, the photoexcited holes
primarily scatter into high-energy states in the U. THEORETICAL APPROACH
heavy-hole band. Thus the dominant change in the The valence bands of Ge consist of three twofold
distribution function is an increase in the average degenerate bands: the heavy-hole, the light-hole,
energy of occupied states in this band. For tem- and the split-off hole bands. In thermal equili-
peratures and doping levels for which phonon and the s pi e hole aes in the eav-
scatteringbrium the occupied hole states are in the heavy-
stherondtivitdeeshes uoenumineation, and light-hole bands only. We consider the inter-the conductivity decreases upon illum ination be-va e c - nd p o c n u ti ty f G w n th
cause the rate of phonon scattering increases with valeea pod of p we the
increasing hole energy. For lower temperatures sample is pumped by a CO2 laser. Since the laserinorher ping lees whedoes not couple free holes to states in the split-oratthig dopinaleves her onim urtit, off hole band, only the heavy- and light-hole bandsscattering dominates the momentum relaxation, need to be considered. The dc current density

the conductivity increases with illumination be-

cause ionized- impurity scattering decreases with owing to free holes is given by

increasing hole energy. These photoconductive = '_13
effects have been observed experimentally2 -7 and 2 (
have been shown to influence the performance of where N. is the density of holes, b labels the band
p-Ge photon drag detectors. 'ie In this paper we index, I is the wave vector, f,(R) is the one-holepresent a calculation of the photoconductive re- distribution function, and Zf is the group velocity
sponse of p-Ge upon illumination by 10.6- Am light of the carrier with wave vector i in band b.
as a function of doping level, temperature, a In order to calculate the current density and thus
intensity, determine the conductivity, it is necessary to find

Previous calculations of this photoconductive the distribution function in the presence of the ex-
response have been baed on idealized models in citing laser and a small applied dc electric field.
which the Ge valence bands have been replaced The distribution functions in the heavy- and light-
by a set of discrete energy levels, each charac- hole bands are determined by solving the following
terized by an effective moblllty.6. In addition, equations":.2:
the effects of saturation of the intervalence-band
transitions were not included, so that the results +)f1() -f5 ( )J+ e .Vtf'(1)
could only be applied for low intensities. Here
we describe the Ge valence band using degenerate = "..(2a)
. perturbation theory. We calculate the hole a-a

23 4049 0 1981 The American Physical Society



4050I R. B JAMES AND D. L. SMITH 23

and the high-intensity laser but with no external elec-
e tric field, and g,(R) is the modification of f,(R) due
h to the presence of the electric field. Here, it Is

assumed that g6(-) . The function f°() is
=2.ARNi.f,()-A.dIfc( ')], (2b) computed as in Ref. 11. Using Eq. (5), we write

Ck " Eqs. (2) to first order in tne electric field
where S(R) is given by

tr ) 20 e '] I/ NT.(R) , R A ( )[ g )- g ,(1 )] + - . V rfO( }

S=7,-P-, l-,, I0 (k) - w]+ (I / T,[)]'
= R .. gc~ )j,(6a)

(3).

and and

.- =1 iE + i,. (4) P) ghOR) -g, (E)] V- 0,

Hcre, I is the light intensity, 11w is the photon (6jR..gi)-j..-'.(b)
energy, 15P,() 1

2 is the squared momentum ma- CP
trix element between the Bloch states in the heavy- We assume that a relaxation time approximation
and light-hole bands (summed over the two de- can be made for the low dc field; that is, the rate
generate states in each band), Rjdj is the rate of change of g,(R) due to collisions can be approxi-
in which a hole in band a with wave vector R is mated by
scattered into band b with wave vector R', and
fG(R) is the angular frequency associated with the [ _ R-. .g( ,)] (7)
energy difference [(()-,(i)], where t( t is &
the energy of the hole in band i with wave vector and a similar expression for the effect of colli-
1. The proportional to 6 in Eqs. (.a) and (2b) de- sions ong,(2). Here, R) I7,(R)] is the momentum
scribes the change in the distribution due to opti- relaxation time due to scattering of holes with
cal excitation, the term proportional to E de- wave vector i in the heavy- (light-) hole band by
scribes the acceleration of the holes by the elec- phonons and ionized impurities.1

tric field, and the tertrs proportioal to R de- Using Eqs. (6) and the relaxation time approxi-
scribe the scattering of the holes. The one-hole mation, we write expressions for g,(R) in terms
energies and momentum matrix elements in Eq. of the functions f,(2). Taking the dc electric field
(3) are determined by degenerate E . perturba- to be in the z direction, we have
tion theory." The cyclotron resonance parame-
ters of Ref. 14 are used in the calculation. The g(E) - E .foh + Tr,(af /ak,)/(f./ak)+1]
hole-pbonon contribution to the scattering rates 18k,- 1+ O(T,+ TI 1'

appearing in Eqs. (2a) and (2b) are treated in the (8a)
manner of Ref. 11. The hole-hole and hole-
ionized-impurity scattering rates are included g =-e1)=- , + "TJ(8fO/6k.)/(8f0 ak.).l

following Ref. 15. ft 8k,X + (rk+7,)

In small dc electric fields, the distribution of (8b)
carriers can be described by the sum of a small
drift term and the distribution function without an Since E) =-A (-i) and fOC) "fO(-9), we can write
electric field. Thus in small electric f-elds, we
write J, = 2jl -eN Jge(7k)t,.(E)d3k . (9)

f6() =f:() +gA(i), (5) Integrating Eq. (9) by parts the conductivity is
where fO() is the distribution function subject to given by

a= 2( !N~ Jdkf.(E) B + PT O k)I O /09k. + I9

21 If f ak1P(E I ~( + P~,, T, ) 1).(0
v1( +le #rSf 18k

ek + P(76+ 7,7 ) (0
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The factor ing this derivative, we take the factors other than
I + 0TL[(qfL1/8k )/(8f*&kj) + 1] A to be slowly varying in the resonant region and

Z , I + #(, +T,) (11) take the change in A to occur primarily through the
Lorentzian factor which depends on 1(k); that is,

appearing in the heavy-hole band contributionto the we approximate
conductivity, and the analogous factor Z, present
some numerical difficulties owing to the peaked __ = M A !E2 (16)
nature of the terms involved. This factor differs 8k1  ap a' dk,(
significantly from unity only if OTaZ 1.17 We note With this approximation, we have
that 9 is sharply peaked in the resonant region = T d1 2_
of the optical transition and negligibly small out- Bk g

side of this region. Thus we need only evaluate 8k, \ k. 1 + 7,)J,

f f°/ak in the vicinity of the resonant region. At 9- W1 (17)
low light intensities where saturation of the optical (0- w),' + (I/T,)2  (

transitions does not occur ( - 1 MWi cm 2), g7, We treat the factor Z, which appears in the light-
is small compared to unity even in the resonant hole contribution to the conductivity in a similar
region, and Z, is essentially one. At high inten-sitis weresat.. tio doe ocurZ,,difersway. We note that the expression in Eq. (17) is

vanishingly small outside of the resonant region
from unity in the resonant region. However, for and changes sign as 9(1) crosses w. As a result
the range of intensities considered in this paper this term tends to cancel in the R-space integra-
(I- 10 MW/cm2 ), this difference still does not tion. The inclusion of the terms containing
make a large contribution to the integral in Eq. 8Z,/8k. and 8Z,/ ak, makes a contribution of less
(10) because of limited range over which it occurs. than 20, to the calculation of the photoinduced

To estimate the value of Z,, we only need to know change in the conductivity at the highest intensi-
the distribution function in the resonant region. We ties we consider.
have previously found that these functions can be
reasonably approximated by a simple analytical
form for states in the resonant region" II. RESULTS OF Aa!

7 - f,(T)l We compute the conductivity due to free holes by
f)f()_ I+-(-)( ' T#) (12a) numerically integrating Eq. (10). For very lightly

1. I +X M( T+ Td) doped (near intrinsic) samples, we also include a

and term due to free electrons. We assume that the
0(E)TA([)@f (t) -fl,(E)J, electron contribution is not much modified by
()f(+ I +(E)( T) (12b) illumination because the absorption cross section

for electrons is nearly 2 orders of magnitude

wheref'(E) is the equilibrium distribution, smaller than that for holes."B
In Fig. 1 we show the calculated results for

)='Rt..., (13) (-a/crl) vs , in the low-intensity regime where
Ta is proportional to 1. The calculation was done

and *? is defined for the heavy-hole band analo- for room-temperature Ge illuminated by A = 10.6
gous to Eq. (13) except that only optical-phonon Am light. The conductivity has decreased upon
scattering is included. illumination. The primary effect of illumination

In the resonant region, the distribution functions on the hole distribution is to increase the popula-
in Eqs. (12a) and (12b) have a peaked structure tion of high-energy holes in the heavy-hole band.
owing to the Lorentzian factor contained in 0. At room temperature and for the doping levels
Taking the other factors in Eqs. (12) to be slowly considered here, hole-phonon scattering limits
varying in the resonant region, we approximate the -onductivity. Since hole-phonon scattering

rates increase with increasing hole energy, the
*1,at 8.(14) conductivity decreases with illumination. For
sk. 00 8k," hole densities between about 1014 and 4 x 10' cm "',

With this approximation we have (- A/ai) is essentially independent of Na. In this
"' region hole-impurity scattering makes a negli-
, (15) gible contribution to the scattering rates. For hole

e"'a. "densities greater than about 4 x 10" cm--, (- ao/
and thus a simple analytical expression for Z.. To of) decreases with increasing Na,. In this regime,
calculate the conductivity we must also evaluate hole-impurity scattering begins to play a role in
the derivative of Z. with respect to k,. In evaluat- limiting the mobility. Hole-impurity scattering
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FIG. 1. Values of /- ,,/I) versus the hole concen- K"

tration in p-Ge for CO2 laser excitation at 10.6 inn, FIG. 2. Calculated values of the normalized change

room temperature, and low light intensities. The cal- in the conductivity of p-Ge versus temperature for light

culated values of (-&ur/a1) are shown by the solid at 10.6 Irn, a hole concentration of 2.0 x101i cm -. , and

curve. The experimental data are taken from x. Ref. low-intensity excitation. The experimental data are

4: &. Ref. 5; a, Ref. 6; 0, Ref. 7; and c, Ref. 9. taken from: A. Ref. 5 and e. Ref. 3. Error bars are

Error bars are reported only in Refs. 5 and 7, only reported in Ref. 5.

termining the momentum relaxation than hole-im-
rates decrease with increasing hole energy. As a purity scattering, and thus the conductivity de-
result the fractional increase in the total scatter- creases upon illumination. In the lower-tempera-
ing rate (hole-phonon plus hole-impurity) does not lure regime hole-ionized-impurity scattering
increase as much with increasing hole energy in dominates the momentum relaxation and the con-
the more heavily doped samples. In addition, the ducitivity increases upon illumination. The tem-
hole distribution is not as strongly modified by perature at which a changes sign depends on
illumination of a given intensity in the more heavily the doping level. At lower doping levels, the sign
doped samples due to the increase in hole-ionized- change in Ar occurs at lower temperatures. This
impurity and hole-hole scattering which tends to effect has been observed experimentally. 5 In addi-
maintain the equilibrium distribution. For hole tion, we note that the magnitude of Ar/al I de-
densities less than about 10' cm', (- 4o/e l) de- creases as the temperature increases from about
creases with decreasing hole density. This de- 150K. This decrease is due to an increase in the
crease is due to the increased contribution to the rate of phonon scattering at the higher tempera-
conductivity of free electrons whose distribution tures. As a result of the increased scattering
is not strongly modified by illumination. (In Ge rate, the hole distribution is less strongly modi-
at 300 K, the intrinsic density is about 2 x 10 flied by a given light in ensity at the higher tempera-
cM-3 .) tures. The experimental results of Refs. 3 and 5

Also shown in Fig. 1 are the available experi- are included in Fig. 2. The data show the same
mental results. There is considerable variation qualitative features as the calculated results.
in the results reported by the various authors. The calculation gives somewhat larger values for
Our calculated values are in fairly good agree- lAo/aIj than were observed in Ref. 5. From Fig.
ment with the data of Gibson et al." and those of 1 we note that the room-temperature results re-
Maggs., ported in Ref. 5 are systematicallly smaller than

In Fig. 2 we present our results for the tempera- those of Refs. 4 and 9.
tre dependence of (A/ai) for a hole concentra- Because of interest in the performance of pho-
tion of 2 x 1016 cm "-. We choose this value for the ton-drag detectors at high laser intensities,58 0
hole density since experimental measurements ex- we also examine the photoconductive response
ist and the change in the conductivity was observed of p-Ge at intensities for which saturation effects
to change sign over the temperature range that are important. In Fig. 3 we present the results
was reported.' We note that the change in the con- of our calculation of (-Ao/o) as a function of N.
ducitivity is negative for temperatures greater for different light intensities. The curve for
than about 100 K and becomes positive for lower 0.05 MW/cm2 is in the linear reyime. At the
temperatures. In the higher-temperature regime, higher intensities, (-Aor/o) increases with in-
hole-phonon scattering plays a greater role in de- creasing intensity at a rate which is slower than
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CHANGE IN CONDUCTIVITY s ,perimentally. It is possible that this saturation
c-4 p-G Xi.6". Tz' T300K 0MW, effect could account for some of the variation in

O.O5M/cn~ the experimental results shown in Fig. 1.
,m5wc.,

2

IV. SUMMARY AND CONCLUSIONS

We have presented a theory of the photoconduc-
t 2 tive response of p-Ge for light with a wavelength

)DMWC 2of 10.6 Am. Values of (&ac/ol) are calculated as a
function of doping level in the low-intensity re-

'D4 2 5 ".5gime at room temperature. We have also re-
HX.E CCNCENTRATION. ported the temperature dependence of (ADt. al) at

FIG. 3. Values of (-Ar/i,!) versus the hole concen- a fixed hole concentration in the low-intensity
tration ip-Ge for X~ =10.6 wn and T =300K. The solid regime. The effect of saturation at high light in-
curves are our calculated values for Intensities of 0.05 tensities was investigated. The theory presented
(linear regime), 1, 5. and 10 MW/cm. can be applied to other p-type semiconductors with

a valence-band structure similar to that of Ge.

linear. The nonlinear behavior is due to satura-ACNWEG NT
tion of the intervalence- band transitions. TheACN LEG NS
shapes of the curves at any given intensity are The authors gratefully acknowledge the support
similar. We are not aware of any direct mea- of the Air Force Office of Scientific Research
surements of (&ac/ct) at these high intensities; under Grant No. AFOSR-77-3216. One of us
however, both saturable absorption""-2 and non- (D.L.S.) acknowledges support from the Alfred P.
linear photon-drag voltages9-t 0 have been seen ex- Sloan Foundation.
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We prameat a theory describing the laser-induced change in the real part of the complex dielectric constant in p-Ge

that results from mturation of the intervalence-band transitions. Calculations are performed for room temperature
and for light with a wavelength of 10.6 um. The real part of the dielectric conatant is found to increase
monotonically with increing mtemity. The magnitude of the increase is directly proportional to the density of free
holeL The intervalasce-band contribution to the frst-order modification of the real part of the dielectric constant
equals the intrinsic coutribution at a doping level of about 3 x 10" cin- .

1. INRODUCTION The magnitude of the resonant intervalence-band
contribution depends on the doping level. Both

There is considerable theoretical and experi- contributions lead to an increase in c, with in-
mental interest In nonlinear optical phenomena in creasing intensity. In this paper we present a
semiconductors, particularly with those effects theory of the resonant intervalence-band contri-
which are connected with the dependence of the bution to the intensity dependence of c in p-Ge
complex dielectric constant on the intensity of for light with a wavelength of 10.6 gm. We find
the light. For example, the saturable absorption that the magnitude of the resonant intervalence-
properties of p-type Ge have been used to achieve band contribution to the first-order modification
interstage isolation of high-power CO. laser amp- of c, equals measured values" of the intrinsic
lifiers' and to passively mode-lock CO, lasers.3-4 contribution at a doping level of about 3x 1015 cm 3

.

Saturable absorption is described by the intensity The paper is organized in the following way: in
dependence of the imaginary part of the dielectric Sec. H we present our theoretical approach, in
constant (c). There is in addition an intensity Sec. IMl we give the results for p-Ge, and in Sec.
dependence in the real part of the dielectric con- IV we summarize our conclusions.
stant (c,). These laser-induced changes in the
real part of the dielectric constant alter the dis- It. THEORETICAL APPROACH
persive properties of the media and thus modify
the spatial and temporal behavior of the laser In p-Ge, light with a wavelength in the CO, laser
pulse. Since the laser-pulse shape is important spectrum induces hole transitions between the
in many applications of CO laser systems, one heavy- and light-hole bands. The rate of transi-
needs to understand the changes in the dispersive tions is proportional to the population of free holes
properties induced by the high-intensity beam. An in the heavy-hole band which can participate in
intensity dependence of the real part of the dielec- the absorption process. For even lightly doped p-
tric constant can be exploited for phase conjuga- Ge samples (N5 > 1014 cm'3), these direct inter-
tion. Phase conjugation in the CO2 laser frequency valence-band transitions dominate the absorptive
regime using Ge as the nonlinear medium is of loss for wavelengths near 10 m2.L3

current interest.5 Since both energy and wave vector are conserved
For light with a wavelength near 10 Mum, the in the direct heavy- to light-hole band transitions,

dominant absorption mechanism in p-Ge is due only holes in a narrow region of I space directly
to direct free-bole transitions between the heavy- participate in the absorption. At low intensities,
and light-hole bands. These resonant transitions the population of the heavy-hole states Involved
also contribute to the real part of the dielectric in the optical transitions is maintained close to
constant (CI). At high intensities, the absorption the equilibrium value by the various scattering
due to these transitions saturatesl ,'* owing to a mechanisms. However, at sufficiently large inten-
modification of the free-hole distribution function. sities, the population of the pertinent heavy-hole
This intensity-dependent modification of the dia- states is depleted. This modification of the free-
tribution function also changes the contribution hole distribution is responsible for laser-induced
of the free-hole transitions to c1.9 In addition to changes in the complex dielectric constant.
the intensity dependence of c, from the resonant The qualitative dependence of the free-hole con-
intervalence-band transitions, there is an intrin- tributlon to c, on the excitation intensity can easi-
sic contribution due to a field modification of the ly be anticipated. Holes in states whose resonant
virtual electron-hole pair creation processes.' 0  optical transition energy [c(([) - c, (T)] is greater

23 4044 0 1981 The American Physical Society
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than the photon energy 91W) lead to positive con- where (' and X" are assumed to be real. Thus,
tributions to c, whereas holes in states whose we find
resonant energy is less than the photon energy
lead to negative contributions to c,.14 As the in- i' ( ) r 2mf, ( ) -f, ()
tensity of the light beam is increased, the holes, 
are excited to higher energy states (on the aver- (
age) which have larger resonant transition ener- X
gles. Thus the positive contribution to c from (TO -W
holes with k,(I) - c, (k)i] > is increased, while X
the magnitude of the negative contribution to e,
from holes with [c.(I) -e, (1)] <Mw is decreased (5)
which leads to a monotonic increase of c, with Here, the intensity dependence is contained in
increasing intensity. At Large intensities, the the distribution functions fm(1E) and f, (1). At low
population of the heavy-hole states whose transi- lght intensities, X is a scalar because of the cubic
tion energy is resonant with the photon energy symmetry of Ge. For high-intensity polarized
becomes depleted so that heating of the hole dis- light, the cubic symmetry is reduced and x is
tribution saturates at large intensities. Thus el described by a second-rank tensor. -
increases with intensity, but the rate of increase der by aesern tensr.
saturates at high intensities. In order to determine the intensity dependence

The current density owing to the intervalence- f x', we must calculate the distribution function
for free holes in the heavy- and light-hole bands.hand transitions is given by"
In Ge, the scattering rate for free holes occurs

(on a subpicosecond time scale. But for typical
2m2cl experimental situations, laser beams of nano-

A. + . . p3 second pulse widths are used. Thus, transient
x - , effects are damped out. Using the results of Ref.

b h 120 l (1) 16, the steady-state difference in the occupation

where I labels the wave vector, the subscripts probabilities which appear in the expression for

h (1) designate the heavy- (light-) hole band, N X' (w, 1) is given by
is the density of free holes, Xw is the photon ener- f#(TO -f '(TOgy, m is the free -electron mass, f () is the f(TO)- f(TO = I + P( E T,(R) + T (I Q

probability that a hole state with wave vector I
is occupied in band i, a(l) is the angular frequen- + L)T ) I (6)
cy associated with the energy difference [c,(T) 1 +T( T0 +TJE)(
- c, (1)], where c, (T) is the energy of a hole with where we have introduced the auxiliary functions
wave vector I in band i, and Pao(1) is the momen-
tum matrix element between the Bloch states in 1 v. (7a)
the bands b and c. Here, T,(I) is defined as T, (E)

T2i) ~ I~R~&,(2) (7b)..;~

where R,;- I? is the rate at which a hole in band a F(IO)=V'R .i')fe(W)] (7c)
with wave vector I is scattered into a state in band
b with wave vector I'. Rf

Using Eq. (1), we write the susceptibility as a G(I) =  (7d)

second-rank tensor given by
and f:@(I) is the equilibrium value for the distribu-

X(WI)w - "e[f2(I)f ( ) tion in band c with wave vector I. The function
m T (I) is defined as

The imaginary part of KL describes the changes in1/mT()
the absorptive properties of the semiconductor, x .) +1T()
whereas the real purt of K. describes the changes (8)
in the dispersive properties. We define

where I is the light intensity, fis the polarization
xz/' +I n  

(4) of the light, and eo is the Intrinsic material dielec-

1 ,,

°j
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tric constant. The definition of A(l) in Eq. (8)
differs slightly from that of Re. 16 because we X 10.6 FOnR T LIGH

P-Ge x:= 10,6/.,m T :300K
have not averaged over polarizations. As a result 1.20
the distribution function which we calculate here
depends on the polarization of the light and does a
not have cubic symmetry. The calculational ap-
proach however is the same as that of Ref. 16.
Some of the results we present here are for un- = t0o
polarized light. In this case we average Eq. (8)
over polarizations.1 7 05

Il ' CALCULATiON AND RESULTS _.00

0 20 40 60
We calculate the intensity dependence of the INTENSITY MW/cmr l

real part of the susceptibility due to resonant FIG. i. Calculated values of x' (1)/y' (1 =0) as a func-
intervalence-band transitions. The results quoted tion of intemtty for unpolarized light in p-Ge. The
in this section for An(/) or Ac,(I) refer to only calculation was done for light with a wavelength of 10.6
this contribution. There is an additional intrinsic Otm and a temperature of 300 K.
contribution which is to be added to our results.
There may also be heating effects in any particu-
lar experiment. One can determine the contribu-

A'.INTEt.C ' C N.~P:_AQZE_ LK- 'tion from thermal effects using measured values P e A 6.- 300K
of dn/dT. The thermal effects can be eliminated .00
by using short laser pulses. 'E

In order to calculate the occupation probability
that a hole state is occupied, it is necessary to 2 3.oo
know the free-hole scattering rates. For the hole
concentrations and temperatures at which most
saturable absorption experiments have been per- < 2.00

formed, phonon scattering is the dominant scat-
tering mechanism. The phonon scattering rates I 00

were treated in the manner of Ref. 15. The one-
hole energies and momentum matrix elements _ _ __/_ _

are determined by degenerate I - 5 perturbation 0 20 40 6CINTENSITY (MW/crr
2

)
theory." The cyclotron resonance parameters

of Henzel and S rzukil were used. Using the Ln vs INTENSITY FOR uNPOLARiZED LIGHT
steady-state solution for the difference In the p-Ge X. I0.6., ' 300K

occupation probabilities, we integrate Eq. (5) 5.00

to determine the laser-induced changes in the
real part of the susceptibility. 400

The real part of the susceptibility is calculated E
numericaily for 10.6 gm and T = 300 K. Using
Eq. (5) we can calculate x'(1) for any polarization 2 3.00

of the light. Explicit vaues of X'() are calculated Z

for the case of unpolarized light and for the polari- , 2.00
zation along the [1001 and (110 directions.

For unpolarized light the second-rank tensor X'
becomes a scalar, since any orientational depen- 1.00

dence has been averaged out when we averaged
over the directions of the vector potential. 17' The 0 . , .
values of X'(f) increase monotonically with in- 0 20 4C 6C
creasing intensity due to changes in the distribu- INTENSITY (M'/Cr 2

FIG. 2. The top p nl gives the calculated values of
tin of free holes. Room-temperature value, of the change in the real part of the dielectric constant
x'(I)/X' (130) are given in Fig. I for intensities (divided by the density of free holes) as a function of in-
between 0 and 60 MW/cm 2 . At low intensities tensity for p-Ge at .- 10.6 psm, T -300 K, and for un-
[X'(I -0)/NJ is equal to 1.4x 10" cm' x'(1 - 0) polarized light. The corresponding values for the change
is proportional to N1. in the Index of refraction are given in the lower panel.
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LAser-induced changes in x'(lw) can be measured
by observinlg changes in the Feal part of the dl- vs INTENSITY FOR LIGHT POLARIZED

electric constant, which determine the dispersive ALONG THE ('001 DIRECTION IN P-Ge

properties of the medium. The real part of the
complex dielectric constant j is given by

.. t i giv n by2 3.00 -

4E9 +o s'. (9) S_?0 oo".......

Values for the change injx can be measured by
studying threshold values for self-focusing (for
dek/dI positive). In Fig. 2 we show the calculated
results for At, and the corresponding results for .0 E)" /N
the change in the index of refraction, An, for ..- /
unpolarized light with a wavelength of 10.6 gm
at 300 K. The changes in cI and in n are directly 0 20 40 60
proportional to the free-hole density. We find INTENSITY [MW/cm)

that c, and n are increasing functions of intensity. I INTENSITY FOR LIGHT POLARIZED

The intrinsic contribution todu/dj in Ge has ALONG THE [110) DIRECTION IN P-Ge
recently been measured to be about 1 x I0Ve cm 2/ 4.00 - x 1o.6m T 300K
MW." The resonant intervalence-band contribu- .... _...

tion to dn/dI is intensity dependent. In the lower- E
intensity region the chinge in x is linear in !. For 0 3.00
hole densities greater than about 3x 1015 cm "3, the 0

resonant intervalence-band contribution is larger 2.00
than the intrinsic contribution at the lower inten-
sitles. "E N

In Fig. 3 we show the calculated results for the 1.00 (At),N,
diagonal components of (&I/N) as a function of . (*),/NI,

intensity for light polarized in the [1001 and (1101
directions. For the case of (1001 polarization the INTESIT 4/ 60
coordinate axes are chosen to be the crystal axis

of the sample. In this coordinate system, the FIG. 3. Calculated values of the diagonal elements of
opi (divided by the f-ee-hole density) as a function of In-

off-diagonal components of vanish as at low tensity on p-Ge at 300 K for light with a wavelength of
intensities. There is a small difference in the 10.6,pm. In the top panel the result for1100] polarizA-
values of (c). and (c,). [(s),, = (c,). in this case] ion is shown. The coordinate system is chosen to be
due to the polarization dependence of P(TE) in de- the crystal axis; c£ is diagonal In this coordinate sys-
termining the distribution of holes in the heavy- ten. In the lower panel the result for (110 polarization
and light-hole bands. For the case of (110] polari- Is shown. For this panel, the x axis is in the 11101 di-
zation, the x axis Is taken in the [I101 direction, rection, the y axis is in the 11101 direction, and the x
the y axis in the [I0] direction, and the z axis Is In the (0011 direction. in this coordina system

in the [001] direction. n this coordinate system eis diagonal

e is diagonal. There is a small difference in the with r'M)< w the difference in occupation probabil-
values of the three diagonal components. Overall, Ities is decreased compared to the equilibrium
from Fig. 3 we see that the effects of polarization value. Hence the positive contributions to 6_ from
on A are rather small, terms with 0(1)> w is increased by illumination,

The change in & with intensity is due to the and the magnitude of the negative contribution to
change in the distribution of hole states. The ej from terms with C() < w is decreased by il-
diagonal components of e, increase monotonically lumination. Consequently, _ monotonically in-
with increasing intensity. From Eq. (5), we see creases with increasing intensity. As the intensity
that values at I for which 1XI) w w lead to a poel- increases, the increase in t is slower than linear
tive contribution to X' and thus to &, whereas due to saturation of the intervalence-band tran-
values ofI for whicTOM < w lead to a negative sitions. That is, d&l/dI decreases with Intensity
contribution to X'. Under optical excitation, the (but it is always positive) because the population

holes occWpy hljer-energy states than in equili- of the heavy-hole states in the resonant region
brium. Thus for the higber-energy states with of the heavy-hole band becomes depleted at high
IE() > w, the difference in occupation probabilities intensities and thus the heating of the hole distri-
[f,(1c) -f,(1)] is on the average eshanced corn- bution saturates with intensity.
pared to the equilibrium value, whereas for states From the results for AL(!), together with the
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intrinsic contribution, one can determine the effect constant in p-Ge due to modifications of the free-
of self-focusing actions in nonlinear optics exper- hole distribution function by the high-intensity
iments using p-Ge. The importance of self-focus- CO. laser light. We find that the high-intensity
Ing In any given experimental situation must be light alters the optical isotropy, and the suscepti-
Independently analyzed since It depends on the bility becomes a second-rank tensor with elements
doping level, the intensity range, the sample thick- which depend on both the intensity and the polari-
ness, and the beam profile, zation of the saturating beam. These changes in

For two laser beams incident on a Ge sample, the susceptibility are directly proportional to the
as in a pump-probe experiment, the light intensity concentration of free holes in the sample. The
is modulated In space and time due to the inter- diagonal components of the susceptibility increase
ference of the two beams. Since the index of re- monotonically with increasing intensity. At high
fraction is a function of intensity, it is modulated light intensities, the increase in X' is slower than
by the oscillating intensity. The periodic varia- linear due to saturation of the intirvalence -band
tion of the index of refraction leads to a coupling transitions. The magnitude of the resonant inter-
f the two beams. 7Tis coupling can influence valence-band ccuitribution to the first-order mod-

the transmission of the beams which may be im- ification ofIt equals measured values of the in-
portant in the analysis of a pump-probe experi- trinsic contribution at a doping level of about
ment. 3 x1015 cm-.

Many semiconductors have a valence-band struc-
ture which is similar to that of Ge and an intensity
dependence in X' should be present in these mater-ACNWEG NT
ials. The theory presented here should apply forACNWEMNT
these materials as well as fo Th 7e authors gratefully acknowledge the support
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Luminescence studies of HgCdTe alloys "  PULICTION #16
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We report the observation in Hg, _ Cd. Te of band-to-band, band-to-acceptor, and donor-
acceptor luminescence for material of x = 0.32 and 0.5, and bound exciton recombination
luminescence, for material of x = 0.5. The band-to-band lineshape and variation in intensity with
pump power are appropriate to an electron-hole plasma with recombination proceeding without
wave vector conservation. Differences between the spectra among the four 0.5 samples studied are
attributed to variations in the Hg vacancy concentration. Shifts in luminescence energy across one
of the x = 0.32 samples imply a change in composition across the surface of the sample of 0.03
cm-'. The absence of bound exciton luminescence in the x = 0.32 samples is consistent with
theoretical calculations by Osbourn and Smith showing a radiative efficiency of 20% for bound
excitons in material of this composition and 90% for x = 0.48 material. From line shape
separations, we estimate acceptor binding energies of 14.0 ± 1.0 and 15.5 ± 2.0 meV in x = 0.32
and 0.48 materials, respectively, and donor binding energies of 1.0 ± 1.0 and 4.5 ± 2.0 meV,
respectively.

PACS numbers: 78.55.Hx, 71.35. + x, 71.55.Dp

I. INTRODUCTION tribute the line at the lowest, energy to donor-acceptor re-

Photol uminescence spectra have been widely used as a meth- combination below -- 10 K, and to free electron-to-bound

od for studying the properties of I-VI semiconductors.' hole recombination at higher temperatures where a substan-
However,* the photoluminescence spectra for Hg, _, Cd, Te tial fraction of the donors are ionized. The line at the inter-
hoee thexphotoeudneenve. p ecet fo h v idite mediate energy has the characteristics of bound exciton re-has not been explored extensively.-2 " Recently we have initi- obntnlmieene

ated a study of the photoluminescence spectra of HgCdTe combination luminescence.

with x values less than 0.5. "  The shift of the line peaks with temperature provides

In this manuscript we summarize a series of luminescence much of the information necessary to identify the mecha-

experiments that we have carried out on HgCdTe. Spectra nisms responsible for the luminescence. Figure 2 summa-
were taken on bulk-grown samples ofx =-- 0.32 and x - 0.48, rizes the peak positions for the sample of Fig. I for a variety
and on an epitaxial sample with x = 0.5 1. of temperatures and pump powers. The points for a given

II. EXPERIMENTAL TECHNIOUE
Spectra were taken over the temperature range of 5 to 30 5_U.E s ECTr , ,

K for a wide range of pump.laser power densities. A me- - - ps ozs oN sc, E
chanically chopped Ar* ion laser was used to create excited FU. Ci =." .sL. 3 C, -

Ti 4 "

electrons and holes in the samples. The samples were mount- -
ed in a cryogenic dewar. The light emitted by the sample was ,
focused onto the slits of a grating spectrometer and was de- 0 b

tected with a solid-state detector. The slit width used for Z
most of the spectra gave an energy resolution of - I meV. a ~
An InAs detector was used for the x = 0.48 and 0.51 materi- >- /
al, and an inSb detector was used for the x = 0.32 material.
The detector output was fed into a lock-in amplifier, with a
signal from the mechanical chopper used as a reference Z
signal.

Ill. RESULTS 1 C -
CZ 2

¢  
2E Cc :"..

Figure I is a spectrum showing luminescence intensity as ENERGY (eV)

a function of emitted photon energy for Sample I which has
a composition of x - 0.48. This sample is n type, with FiG I. Spectrum of H&. ,Cd,.Te showing photoluminescence intensit5

NP - N, 0 '5 cm -I.' This spectrum shows all of the dif vs photon energy with the sample at 13.9 K. The high energ% peak i due to
band-io-band recombination The low enrgy peak is due to akcombinaitior'

feaent luminescence lines we have observed in the material. or donor-acceptor and band-to-acceptor luminescence The intermediate
The line at the highest energy in the figure hs the character- energy line is dug to bound exciton luminescence The sample was n-type,
Wics of band-to-band recombination luminescence. We at- with S

9 
- N, - 10" cn-.

, -,-
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band at one pump power are connected together as an aid to because the weakly bound donors become thermally ionized.

the eye. The band-to-band peak shifts toward higher energy The widths of the donor-acceptor luminescence and the

at a rate equal to 3 ks, where k, is Boltzmann's constant. free-electron to bound-hole luminescence lines are too broad

The bound exciton. on the other hand, does not shift at all compared to the donor binding energy to resolve each as a

within the uncertainty of the measurement. Tne low energy separate line.
impurity related line shifts very little below 10 K, especially Three other samples ofx = 0.5 material were studied. The

at the two lowest pump powers. Then it shifts rapidly above results of the luminescence experiments are similar for these

10 K. samples as for the sample described above, but there are a

Th- - ak shift of the band-to-band line is consistent with few differences in some of the samples. Sample 2 wasp type

an elt )n-hole plasma recombining without wave vector with N, - ND - 10 i5 cm- 3, Sample 3 was p type with

conservation. This mechanism predicts a line peak which N, - ND - l01 cm- 3, and Sample 4 was an epitaxial sam-

shifts, in the nondegenerate limit, at a rate equal to 2 ks, pIe grown on a CdTe substrate.' The bound exciton was ob-

While this is not quite enough to match the shift observed, it served in samples 2 and 4 but was'not observed in sample 3

is a better match than could be obtained with other mecha- The other luminescence lines were observed in all the

nisms. For example, an electron-hole plasma in which the samples.
wave vector is conserved during recombination would shift Sample 3, in addition to showing no bound exciton lumi-

at a rate of only j ka. A shift of the band gap with tempera- nescence, also had a very weak band-to-band line in com-

ture may explain some of the additional shift. Another piece parison tafmple 1, under similar pump-laser power densi- C-

of evidence for recombination without wave vector conser- ties and temperatures. This difference could be explained by

vation is that the predicted lineshape fits the data reasonably a higher defect density in sample 3 than in sample I. The

well at 30 K. The carrier density was the only parameter added defects could directly cause the difference by being the

varied which affected the shape and width of the fit, and the acceptor responsible for the luminescence, or indirectly by

value of the carrier density needed to fit the observed width reducing the free carrier lifetime by promoting nonradiative

of the line was consistent with that estimated from the recombination. Hg vacancies are a likely candidate for the

pump-laser power density. defect. Evidence for this explanation is provided by the el!o-

The factors that identify the intermediate energy line as lution of the spectrum from sample 2. Originally, the sample

bound exciton luminescence are the lack of shift as tempera- showed a strong bound exciton line at low temperature. Pri-

ture is varied and a rapid decrease in intensity as tempera- or to many of the luminescence experiments on the sample.

ture is raised. Since the peak does not shift with temperature, its surface was etched briefly in a weak bromine-methanol

the electron and hole involved in the recombination must be solution, since this procedure was found to enhance the lu-

bound. However, the rapid decrease in intensity with respect minescence signal. After a period of several months, and

to the other lines indicate that the binding energy is small. several etchings, the bound exciton signal was no longer ob-

Both of these properties are characteristic of bound exciton served, and the luminescence signal resembled that observed

recombination luminescence. from sample 3. All of the bulk grown samples were annealed

The lack of shift of the low energy peak at low tempera- in a Hg atmosphere after growth, which reduced the camer

tures again indicates that bound particles are involved in the concentration in a thin surface layer,' presumably by red uc-

recombination. However, the luminescence is deeper than ing the Hg vacancy concentration. Therefore, it is likely that

for the bound exciton line, and the line width is much great- the interior of sample 2 (and all of the other bulk-grown

er, pointing to donor-acceptor pair recombination. The rap-
id shift in energy of the line peak above 10 K comes about

;7 PhOTOLUMINESCENCE SPETRut CF H.;5--11e

- PUMP C, A,' L4SER, 0- A c?
Z "I - 13 9K
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FIG. 2. Summary or luminescence band peak eneries vs temperature of

H& 11 Cd. .Teat three different pumr powers for the sample ofFSl I.The FIG 3 Spectra of HL,,Cd, ,Te showing photolum'CScet
c
ct intensity vs

in between das points are drawn as a visual aid. and connect points mea. photon energy For spectrlm (b). the pump las er was 1.0 mm sove its

smrd I different temperatures for one type of luminesce=ce band at one position for spectrum (&, ad for (c. 2.S mm above its position for spectrumti

pump pow err bar are given where signilcant; the uncertainty is due a). The shift in enerl between is) and Ic) implies a shift in ompositiOn fto

o ovrap between bands. 0.03 cm -'.
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uamples) had amuch higher Hg vacancy concentration, than binding energies. Values of 1 .0 t 1.0 and 4.5 ± 2.0, respec-
the region near the surface. Therefore, the etchings gradual-. tively, were obtained for the donor binding energies from the
ly exposed material with a higher vacancy concentration, energy difference between the donor-acceptor and banid-to-
which changed the luminescence signal. The similarity be- bound bole line positions.
tween the spectra in sample 3 and the spectra in sample 2
after etching indicates that sample 3 had a higher vacancy IV. CONCLUSIONS
concentration to begin with, which was responsible for the In summary, we have observed luminescence from band-
dominance of the defect related ban to-band transitions, donor-acceptor transitions, and free

The spectra observed from sample 4, the epitaxial sampe electron-to-bound-hole transitions in x = 0.32 and x 0.5
were similar to those observed from sample I and from sam- Hg, -Cd. Tc We have observed bound exciton recoinbina-
pie 2 before etching. However, the band-to-band line was tion luminescence in x = 0. 5 material. The variation in comn-
much more intense at comparable pump power densities position across the surface of a sample was measured using
than in the other two bulk-grown samples. This may indicate photoluminescence. Finally, donor and acceptor binding en-
a much lower overall defect density for the epitaxial sample. ergies were estimated from the data. A more extensive report

The data for the x = 0. 32 material is shown in Fig. 3. The of this work is contained in RefX'4.
band-to-band and electron-to-bound hole lines are observed
in this material. This figure shows luminescence spectra ACKNOWLEDGMENTS
from ap-type x =0.32 simple, with N, -ND-_l05CM- 3  We wish to acknowledge P. Bratt and K. Riley of the
The three spectra shown in this figure were all taken at the Santa Barbara Research Center for providing us with
=ame pump power and temperature. The only thing varied HgCdTe samples. and L. DeVaux of the Hughes Research
between the spectra was the position of the pump beam onr
the surface of the HgCdTe wafer. Using measured relation- qfm~wfor useful discussions on the properties of HgCdTe. ~
ship between composition and band gap,' the composition L~~~~,L

gradient is estimated to be 0.03 cm for this sample.
The major difference between thex - 0.5 samples and the

x as0.3 saplesis hattheboun exito luinesenc lie Work supported in pant by the Air Force Offie of Scmiatiic lkewArb

x ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~~~ne G0.32 sapeNota h on xctnlmnsecln . APOSR-77-3216.
was not seen in either of the two x = 0.32 samples studied. "Presni addras Hughes Rmsarch Laboralone.. 3011 Malibu Canyon

One possible explanation for this absence is provided by a Road, Malibu, CA 90265.

calculation of the radiative efficiency of bound exciton Ilumi-
nescnce'Thiscalclaton sows hat he adiaive ficen- , for e/Ainple. A A. Bergh and P. J1. Dean. Li-Emun10u Diodes ICar-

ncy l c "T incu at o sh t t-a th a i t vtfi i n ndon. O ford. 19761 p. 2451. and references therein.

cinx-0.32 material is200/, much smaller than the 901% 2C, T LIIiot I. Meing~is T. C. Hamman and A. G. Foyt. J. Phys. Cemt

radiative efficiency for bound exciton luminescence in SolIids 33. 1527 (19724.
x = 0.48 material. "Y 1. lvanov-Omnskii. V. A. Manseva, A. D. Brnws. and & D Sivachenko,

The energy differences between the lines allow estimates Phys. Staius Solidi A: 46. 77 (19784.
oftedonor and acceptor binding energy.- From the separa- 'A. T. Hunter andT. C. McGill. J. Appk Phys. 52.,5779 (198 11.
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We compute the cross section for the transition, induced by the absorption
of light, of acceptor bound holes to states in the split-off valence band
in Ge. We find good agreement with the available low temperature optics.
absorption data.

At low temperature in p-type Ge, holes are hole. We take as basis functions at the zone cen-
bound to shallow acceptors. Transitions from ter those multiplets which arise fro= diagonelizirF,
the bound acceptor levels to states in the split- the spin-orbit interaction among the , 25 states , '
off valence band determine the optical absorption and denote by 0 (c) this fourfold set degenerate
in the spectral region from about 300 to 400 meV. at the bandat te bnd eg4.Moving out into the Rriiiouir:
The absorption due to this process has been ob- edBc funtonto the Rriur
served in boron doped Ge at 

4
.2oK by Pokrovskii zone "pseudo-Bloch functions" (5,6 are defined

and Svistunova (l). However, these authors as

interpreted their results in terms of a free hole
picture. There was substantial discrepancy W =-r (k) (2a)
between the free hole calculation and the experi- j j
mental data; the calculation predicted a much
narrower absorption band than was observed, with

In the free hole picture, the initial and
final states are Bloch functions in the heavy and h u><u kijpC1(c)>
split-off hole bands, respectively. The transi- $(k) = $ (o) - ( (2t)
tion conserves wavevector and hence only one final m m
state is possible for a given initial state. At where lu > is a Bloch function at the zone center
low temperature, only those levels very close to in band I with energy C relative to the valence
the zone center are populated, restricting transi- b
tions to a small region of the split-off band. band edge. The hole wave function in this repre-

The absorption spectrum is consequently predicted sentation can be written as

to be sharply peaked at the spin orl t splitting
energy. By contrast, when the hr initially In> = E C" (k) X (k) (3)
bound it no longer has a unique . 'vector. kIj
Rather, there is an amplitude, given by an envelope
function, to occupy a range of Bloch states near the w
valence band edge. For a bound initial state there here n is a label for the hole quantum numbers.
is a set of final states possibl* which span a range cients

in energy. Thus, the spread in k space of the

envelope function is reflected in an irreducible
energy width for the absorption spectrum (2,3), Fn (r) E Crn(k) eik

'
r

In this communication we present a calculation J k (a
of the cross section for photoionizing acceptor
bound holes to states in the split-off band. satisfies

The absorption cross section per hole is given
by 2

4112 e 2  F- Er 6i']F(r1 ) n  i

G~) 2 Zl<

nim cF (4b)

where I and F represent the initial and final with H the 4x4 effeclive mass Hamiltonian for
state wavefunctions with energies E and E , the vsi~nce band and e /or the screened impurity
respectively; n is the index of re

4
action, potential.

fl is the photon polarization vector and the other To approximate the solutions of Eq. (4b) we
symbols have their usual meaning. use thesherical model of Baldereschi and

The evaluation of the acceptor eigenfunctions Lipari M. The effective mass hamiltonin is
is complicated by the degenerate structure of the split into a component with full rotational sym-
valence band in Ge. In the limit of large spin- metry plus a small term invariant under the cubic
orbit splitting only the four states at the top of point group. Only the spherically symetric part
the band need be considered to describe the bound is retained. The spectrum of eigenvalt s Is such

761
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that the first excited level lies a significant state continuum, the solutions for G (r) with
fraction of the binding energy above the ground boundary conditions for photoionizatfon are the
state. For kT K< EB (E is the binding energy) well-known coulomb wave functions. Neglecting
only the ground state wi l be occupied with non- the acceptor-hole interaction, Gs(r) reduces to
negligible probability. With appropriate phases a plane wave.
for the Y,'k). the ground state envelope function The optical matrix element for a transition

from the aoceptor ground state to the split-off
is given by band continuum is

F F
Z(r) - fo

(r) Y 0(e .) <Fsr'.pI! = j 'G Cr) pI% 2(r)>

(Ba)
<LA0, M=O, J=3/2, JiL=O, J=3/2, F=3/2, F >

S

where the constants wsla are defined by

+ go(r) f Y 2M(B,
M b Z Mls,'n ka -ip <(k)jn'pIj (k)>  18t;

<L=2, N, 3=3/2, J!1L=2, 3=3/2, F=3/2, F>
< /3 z The overlap of n'p between the periodic parts of

the pseudo-Bloch functions is given by(5)

The orbital angular momentum, L, is coupled <1js(k)lnlpjO()> =
with the "spin 3/2", J, of I.(o) (J-J) to form the
total angular momentum F = L J , and <LMJJILJFFZ>
is a Clebsch-Gordon coefficient. The a(ceptor P o 'p~u><u jk'p c
ground state nas four degenerate solutions each -h Z
with a definite value of F . The radial functions, m £ L E

f and g, sqtisfy a set oi coupled differential
e~uation (7) which must be solved variationally.
Since we are interested only in the ground state <"s(O)IkpIut><u 1n'pI0 (o)>
we adopt as trial functions Slater orbitals (in +
contrast to Badereschi and Lipari who use E
gaussians) possessing the correct asymptotic depen-
dence at the origin and infinity: % (o____________________._>

10 -a.r 10 -a .r (t - '
fo(f) = Z Ae 1 and (r) = r Z B.eiliri i*

The matrix elements appearing in Eq. (9) are
evaluated in terms of the valence band effective

The 0. are a fed set of exponents chosen to cover mass parameters as determined by cyclotron
a widi range and the coefficients Ai, and B (lll)
are variationally determined. The energy eigen- resonance . The first two terms combined
value obtained by this procedure is 9.72 meV (com- are symmetric in the components n k and the ad-
pared to 9.73 meV quoted in Ref. 7) and the ex- ditional contribution proportionaT t§ A may be re-
perimental value for boron in Ge is 10.5 meV (9). written as the sum of symmetric and antisymmetric

The final state pseudo-Bloch functions are parts. It arises because we take the states at
given by the zone center to be approximated by the correct

zero'th order linear combination of simple group

ei
k
lr t0 (k) ((Ta) spinor basis functions which diagonalizes the

7 spin-orbit interaction. We adopt this procedure
because, owing to the weak acceptor binding and
strong spin-orbit coupling in Ge, we are primari-

I IuX><u ik-pIs(o)> ly interested in the small k region where the
= . - -(Tb) k

t
p perturbation is less than the spin-orbitA £ perturbation. or consistency, the splitting

of the r,5 intermediate states is explic.tly
where A is the r spin-orbit splitting (295 meV), taken into account in the first two terms of Eq.

(9).
s labels the two-fold degeneracy of the split-off We follow the usual procedure of restricting
bhand and the final state wave function is expanded the sum in Eq. (9) to the nearest intermediate
as in Eq. (3). The fouriers transform, G (r), state of a given symetry. The contribution pro-
of the expansion coefficients satisfies a rela- portional to ( is then calc iable for the
tion identical to Eq. (4b) except that H is re- A+E
placed by the appropriate effective mass hmiltonian.
(The equations for the two bands decouple). The rl and r1  intermediate states whose energief,
problem is identical to that of an electron in an relative to the valence band are well knowr.
attractive coulomb field (scaled by an effective Quantities second order in the spin orbit inter-
Bohr radius) and the solution has bound as well as action are ignored, as is the small effect of the
continuum levels. Focusing momentarily on the final more remote r' and r bands.

I ~ ~ ~ ~ ~ 1 25 -- .
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The dispersion reLation for the final state value is finite when the impurity charge is in-
energies obtained in the sae order of approxima- cluded in the final state as is typical for a
tion is coulomb potential. Note that the coulomb curve

2 
2  is broader and its peak lover in relation to theC a_(A + 1b k2/2moe (1010 plane wave curve tha Is the came In the ana2&gou

so soresults for the photo-effect in hydrogen. The
primary reasons for this are: (i) the smaller

With effective mass of the split-off band as compared
to the heavy hole mass and (ii) the large value

a/m 50 = + y + 2117 (lob) of the spin-orbit splitting relative to the
acceptor ionization energy.

We now consider the effect of bound levels
wthe e.elh- in the split-off bend. The initial hole will
parameters. Y A/3(E ro A)l and y'=A/3(r W), couple to all such p and f states. The lowest

2 15 of these, the 2p, lies roughly 1.3 meV below the

It is evident from Eq. (8a) that, in direct continuum threshold. The finite hole lifetime in
analogy with atomic processes, parity and angular the split-off band introduces a Loren~ian broad-
momentum selection rules are jetermined by the ening vith a FWH4 of about 8.6 mev I"'. There-
transformation properties of p and the envelope fore, any fine structure produced by transitions
functions. The initial state is a coherent sum to the bound levels will be washed out and only
of a snd d waves; the final state contains all their integrated'contribution to the cross section
partial waves. Thus only transitions from s to is of interest. A sum rule may be used to calcu-
p wave and d to p or f wave are allowed. The late this quantity. Specifically, multiplying
radial Integals which rl countered can be Eq. (1) by w and integrating over all frequencies
evaluated in closed form one obtains the same result for both the complete

When averaged over the initial four-fold set of coulomb solutions and plane wave final
degeneracy and summed over the final states in states. Thus,
the split-off band, the cross section is inde-
pendant of the direction and polarization of the aV (W) dw - wo (W) &w -Iwocv(w) dw
incident light owing to the cubic symetry of j B j cv
the crystl. The results are illustrated in
Fig. (1) Il.. For comparison, the cross section (11)
neglecting acceptor-hole interaction in the
final state is also presented. The threshold Bhere OECW) is the acceptor to bound 0 is the

acceptor to coulomb wave continuum and 8 Cu)
is the acceptor to plane wave cross secton,
respectively. The photon energy is essentially

4.0- constant over the range of B(). One can

therefore approximate

COUJLOMB CONTINUUJMr r(l) + . (12a)
7r r2 +Ioh)2

-3.0-
NE

Ua with

IQ A+81 (12b)

2.0 Here Ea is the binding energ of a hole in the
spl4t ff band and 2r Is the FM of the

PLANE AVES Lorentzian. The energ itegral ?f OBW
was found to be lO.2x0-lD meV cru.

In Fig. (2), we show the total lifetime
broadened cross section. The experimental data
is that of Pokrovskii and Svistunova for Ge at
" .20 K doped with 6.6xio16 cm-3 boron. The

theory and data are in qualitative agreement
sharing a similar broad shape. The calculated
curve peaks somewhat above the experimental
points near threshold falling slightly below
than at higher energies. One expects this kind

300 350 400 of behavior since the modal hamiltonian somewhat

PHOTON ENERGY (maV) underestimates the acceptor binding energy.
No parameters were adjusted in our calcula-

tion to improve agreemnt with experiment. The
Figme 1. Clculated bvltolonizaticm cross see- absolute normalization of the data was reported
tie w. potn ame- in Ge. Transitions we to only one significant figure and the impurity
from bound aealtam levels to emtinmm states in concentration, recalling the large spatial extent
the s"lit-off valenee bead. Oup"aWiseo of the of acceptor states in Ga, Vas relatively high.
tVm eres 4ilmutrates the effect of the There may be som uncertainty in the final hole
aeepter-,4a0 Imte-ration in the final state.
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3.0-
-THEORY

EXPERIMENT
Yo.E.Pokrovsk, ond
K. I. Svisturovo

N

TR 2.0-

01.0 35 0

PHOTON ENERGY (meV)

Figure 2. Pbotoionization cross section vs. photon
energy in Ge. Theory includes transition to bound
and continuum levels in the split-off valence
band. Broadening due to finite hole lifetime is
included. Experimental points are from Ref. (1).

lifetime broadening and in the precise value of features of the observed low temperature optical
the spin orbit energy which determines the absorption spectrum are weil accounted for.
position of the continuum threshold. In view of
these considerations, theory and experiment are Acknowledgement- We thank YI. C. Chang for assis-
in reasonable quantitative agreement. tance with the variational calculation. We grate-

To conclude, Ie have calculated, in the fully acknowledge the support of the Air Force
spherical model t7 'of shallow impurity states, Office of Scientific Research under Grant No.
the cross section for photoionization of acceptor AFOSR-77-3216. One of us (D.L.S.) acknowledges
bound holes in Ge and find that the dominant support from the Alfred P. Sloan Foundation.
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FREE CARRIERS IN SEMICONDUCTORS
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ABSTRACT

We present calculations of the intensity dependence of the free

carrier absorption in semiconductors by high intensity light with a wave-

length near lOum. The paper is divided into two sections: the first sec-

tion examines the nonlinear absorptive and dispersive properties associated

with free-hole transitions in semiconductors, and the second section pre-

sents calculations of the nonlinear absorption associated with free-electron

intraband transitions in germanium. The dominant free hole absorption of

CO2 laser light for most p-type semiconductors with the diamond or zinc-

blende crystal structure is direct intervalence-band transitions where a

hole in the heavy- (or light-) hole band absorbs a photon and makes a

direct transition to another band within the valence band structure. The

absorption coefficient due to this mechanism is found to decrease with

increasing intensity in a manner closely approximated by an inhomogeneously

broadened two-level model. We present detailed results for the saturation

behavior of germanium as a function of temperature, wavelength, and doping

density. Calculated values for the intensity dependence of the index of

refraction and low frequency conductivity are presented. Calculated values

*Present address: Honeywell Systems and Research Center, Mail Code:
1N17-2328, 2600 Ridgway Parkway, Minneapolis, Minnesota 55413.

- *
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of the saturation intensity are also given for most of the other Groups IV

and III-V semiconductors. *In several n-type semiconductors, the dominant

absorption for 1O0am light is free-electron intraband absorption where an

electron absorbs a photon and is excited to a state in the samie band. The

interaction of the electron distribution with the high-intensity light

increases the average energy of the electrons and leabis to an increase in

the free-carrier cross section. For sufficiently high intensities, a

significant fraction of the electron density in the interaction region can

have an energy greater than the band gap (relative to the conduction band

minimum) by successive one-photon intraband transitions. These hot elec-

trons can relax by creating an electron-hole pair by an impact ionization

process. This can lead to the formation of an optically induced plasma and

an abrupt increase in the absorption coefficient for light well below the

band gap of the material. Calculated threshold values for the formation of

a laser-induced plasma by this impact ionization process are presented for
germanium as a function of the lattice temperature and wavelength of the

CO2 laser light.
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1. INTRODUCTION

There is considerable theoretical and experimental interest in non-

linear optical phenomena in semiconductors, particularly with those effects

which are connected with the dependence of the complex dielectric constant

on the intensity of the light. In this paper we presenit a theory describing

the intensity dependence of the absorptive and dispersive properties asso-

ciated with free carriers in semiconductors for light with wavelength in

the 9-11am region, which corresponds to the C02 laser spectrm.

When radiation at a given frequency interacts with a material with an

electronic transition near that frequency, a resonant interaction occurs,

and several nonlinear phenomena associated with the resonance may result.

For .materials in thermal equilibrium, the radiation is absorbed as it

propagates through the medium, resulting in the attenuation of the wave.

The decay of a wave propagating in the z-direction is given by

* -s

Here, I is the light intensity, and a is the absorption coefficient. At

low light intensities (linear regime), the absorption coefficient is inde-

pendent of the light intensity; however, at sufficiently high intensities,

the absorption becomes a nonlinear function. We examine the intensity

dependence of the complex dielectric constant associated with free elec-

tron and free hole transitions for below bandgap radiation. Detailed

results of the calculation are presented for germanium for which nonlinear

optical data at 10.6 Iam is fairly extensive.
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The absorption of CO2 laser light by free carriers in germanium should

be divided into two categories, the absorption associated with free hole

carriers and the absorption associated with free electron carriers. Exper-

imentally, it has been observed that the absorption of 1Oum light by free
AI

holes decreases with increasing intensity, and that the absorption of lOum

light by free electrons increases with increasing intensity.2 "3 Both of

these nonlinear optical properties have practical uses.

The nonlinear infrared absorption exhibited by many p-type semiconduc-

tors, such as Ge, has several applications in the control of lasers to ob-

tain large peak output powers. For example, the saturation of the

intervalence-band absorption allows passive mode locking of a CO2 laser by

inserting a slice of a suitable p-type semiconductor into the optical path

of the cavity. The saturable absorber causes the laser to oscillate in a

pulsed fashion, since this mode of oscillation undergoes less loss than one

in which the energy is spread more uniformly. That is, the loss is a mini-

mum when the phases of the oscillating modes are locked and the energy

distribution inside the resonator corresponds to a narrow traveling pulse

with a period equal to the round trip transit time of the resonator.

Experiments have demonstrated that a CO2 laser with p-Ge as a saturable

absorber can be used to generate passively mode-locked pulses of sub-

nanosecond duration,4 6 where the pulse duration is limited by the gain

ltnewidth of the laser. Considerably shorter pulses should be possible by

operating the laser at higher pressures.
6

The saturable absorption characteristics of p-type semiconductors have

also been used to achieve isolation of high power CO2 oscillator-amplifier

systems, 8 which is important for amplifier stabilization and the suppression

I#
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of spurious oscillations. Ideally, the isolation device would prevent

spontaneous lasing in the high gain amplifiers and suppress retrodirected

signals which can arise from windows and targets as well as other pulsed

laser system!s in a multiple beam irradiation experiment. Here, one would

like the material to attenuate low-level oscillations and reflections,

while the material would be transparent to the high intensity pulses which

are to be amplified.

The saturable absorption property of p-Ge has also been used to tem-

porally compress laser pulses. 9  The low intensity tail of a pulse sees a

higher absorption coefficient while the peak of the pulse propagates rela-

tively unattenuated, which leads to a pulse shortening effect. The long

tall, characteristic of CO2 TEA oscillators, can be removed by the larger

linear absorption of the crystal.

The nonlinear absorption observed in n-type semiconductors, such as

n-type germanium, has been used to amplify reflected C02 laser light via

degenerate four-wave mixing in an optically induced free carrier plasma.1

The laser heats the free carrier distribution to a point where the higher

energy electrons can relax by creating an electron-hole pair by an impact

ionization process. This process can lead to the formation of an optically

induced plasma and to an abrupt increase in the absorption coefficient for

light well below the bandgap of the material. The Increase in the absorp-

tion coefficient associated with the free carriers is believed to have an

important effect in limiting the efficiency of a spin-flip InSb laser at

high pump intensities. 11  This nonlinear phenomena also presents a funda-

mental limitation to the usefulness of n-type semiconductors (such as Ge,

Si, and GaAs) as optical grade components in the infrared.2-3



-6-

The paper is presented in the following way. We first discuss the

intensity dependence of the absorption coefficient and index of refraction

associated with free hole transitions in p-Ge, as well as other p-type

semiconductors. Parts of this section will be a review of the authors'

research results which have been previously published in other shorter

papers. The second half of the paper presents new results for the nonlinear

absorption associated with free electron intraband transitions in germanium.

Both calculations require knowledge of the free carrier distribution func-

tion as a function of the light intensity; however, the excitation mecha-

nisms are different for the two types of carriers.

II. SATURATION OF INTERVALENCE-BAND TRANSITIONS

In p-type germanium, direct free-hole transitions between the heavy-

and light-hole bands are primarily responsible for the absorption of light

in the 6-2Sum region. At high light intensities, absorption due to these

intervalence-band transitions has been found to saturate in p-Ge.

In this section we summarize a theory of the saturation behavior of heavy-

hole band to light-hole band transitions in p-type semiconductors as a func-

tion of the light intensity. Detailed numerical results are presented for

the intensity dependence of the absorption coefficient of p-Ge (the material

in which the effect has been most frequently observed experimentally).

The theory is also used to describe the laser-Induced change in the

real part of the complex dielectric constant in p-Ge that results from

saturation of the intervalence-band transitions. We find that the presence

of a saturable beam alters the optical isotropy of p-Ge, where the changes

In the dispersive properties depend on the intensity and polarization of
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the beam. A nonlinearity of this form manifests itself in a dependence of

the index of refraction on the light intensity. This causes beam self-

focusing (de-focusing) in regions where a beam "sees" a higher (lower) index

of refraction at the center of the Gaussian beam profile than at the tails.

We show explicit values for the intensity dependence of the index of refrac-

tion for light at 10.6m and room temperature conditions.

In previous work, saturable absorption in p-type semiconductors had

been described by modeling the valence bands as an ensemble of two-level

systems whose level populations approach one another at high light intensi-

ties.12 "14  This two-level model predicts that the dependence of the absorp-

tion coefficient as a function of intensity is given by

0 W (2)+ I/I sMu

where ao(w) is the absorption coefficient at low intensity, and Is(w) is

the saturation intensity. The behavior described in Eq. (2) was found to

be reasonably well satisfied experimentally, and values of Is(w) were deter-

mined.7 -9,12 However, attempts to calculate Is(w) as a function of photon

energy using the two-level model and a multistep cascade relaxation14 gave

7results that disagree with experiment. In section A, we review the results

of a theory of saturable absorption in p-type semiconductors which realis-

tically accounts for the anisotropic and nonparabolic band structure. Our

calculated results are in good agreement with Eq. (2), and values of Is(w)

deduced from the calculation are in good agreement with experiment.

A. Theoretical Approach

The valence band structure for small k is determined by degenerate k-p

perturbation theory using a method developed by Kane15 based on measured

# A
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values of the cyclotron resonance parameters.16  In Figure 1 the valence

band structure of germanium is shown for small k in the [100) direction.

There are three bands, each of which is two-fold degenerate. The six bands

correspond to states constructed from the atomic p functions of the indivi-

dual atoms times the two spin functions, spin up and spin down. The heavy-

(h) and light- (z) hole bands are degenerate at k-O, and the split-off hol

band (s) is separated at k-0 from the heavy- a~d light-hole bands by the

spin-orbit interaction. Here, the spin-orbit interaction lowers the two

j - 1/2 bands with respect to the four j - 3/2 bands.

For a given direction in k-space, the heavy-hole band may be taken as

parabolic, the light-hole band effective mass increases with energy, and the

split-off hole band effective mass decreases with energy. These qualitative

features also hold for the valence band structures of other semiconductors

with the diamond or zincblende structure; however, the effective masses and

spin-orbit splittings are different for the various materials.

We now consider the absorption processes in p-Ge at room temperature.

At X-10.6um, the intervalence-band absorption cross section in Ge is 6.8 x

10-16 cm2. 17 The intravalence-band absorption cross section, estimated from

Drude-Zener theory is about 10- 17 cm2 , and the absorption coefficient from

multiphonon absorption is about 0.03 cm-1. 18 Thus, for hole concentrations

greater than 1015 cm-3 , intervalence-band absorption is 1 to 2 orders of

magnitude greater than the other absorption processes. Similar intervalence-

band absorption has been observed in several other p-type semiconductors as

well; 19 "2 4 however, the range of wavelengths which correspond to the three

sets of intervalence-band transitions vary for the different materials.
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Both energy and wavevector are conserved in the intervalence-band

optical transitions. Thus, only holes in a narrow region of the heavy-hole

band can directly participate in the absorption, and the absorption coef-

ficient is governed by the population of these hole states. The optical

transitions tend to deplete the population of the pertinent heavy-hole

states. At low intensities, the population of heavy-hole states involved

in the optical transition is maintained close to the equilibrium value by

various scattering processes. However, as the intensity becomes large,

scattering cannot maintain the equilibrium population of these heavy-hole

states, and they become depleted. As a result the absorption saturates at

high intensity. To determine the saturation characteristics of the

intervalence-band transitions, it is necessary to set up rate equations for

the hole distribution function in the heavy- and light-hole bands.

For the hole concentrations and temperatures at which most saturablo

- absorption measurements have been performed (room temperature and Nh

4x0 15 cm-3), hole-phonon scattering is the dominant relaxation mechanism.

We first consider only hole-phonon scattering. (Hole-impurity and hole-

hole scattering are later included so the theory can be applied to more

heavily doped material.) The system can then be described by the

Hamiltonian

H - 0 + V +Y(t) (3a)

where

(3b)HoMt+ ph , (3b)
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and

Y(t) A P (3

Here HeL describes the free holes, Hph describes the phonon system, V is the

hole-phonon interaction, and Y(t) describes the interaction of the holes

with the electromagnetic field. The electromagnetic field is described by

the vector potential A; in the Coulomb gauge A satisfies the wave equation

c2A a 4  , (4)
cz at,

where J is the current density induced by the intervalence-band transitions,

NhUTr [of (5)

Here Nh is the hole density, a is the one-hole density matrix, and P' is

the off-diagonal (including only intervalence-band matrix elements) part of

the hole momentum operator.

We consider the low-hole density limit and take the Hamiltonian to be

given by Eq. (3). The density matrix of the whole system p(t) satisfies

*t [H~p] (6)

We are interested in the electronic part of the problem. The lattice can

be considered as a surrounding medium and regarded as large and dissipative.

In general, to calculate the time evolution of physical observables, we

would need to know the density matrix of the whole system p(t). But since

the effects of the interaction with the incident light on the free-holes

are quickly dissipated by the lattice, and since the lattice (which acts as
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a heat bath) is not significantly heated over the duration of the interac-

tion, we write the density matrix p(t) as the product of an operator o(t)

describing the free-hole density matrix and an operator PL describing the

lattice in equilibrium. Then p(t) a o(t)PL. Using standard approximations,2 5

one finds

do (t) -i' I~)
dt

(7)

1_ f dt' Tr L [vIct). [ V (t'). cI(t) PL]*
0

Here the subscript I signifies that an operator is in the interaction

representation, and TrL signifies a trace over lattice modes.

From Eq. (7), one can see that o(t) is diagonal in wavevector. Prior

to laser excitation, c(t) has the equilibrium value which is diagonal in

wavevector. Taking matrix elements of Eq. (7), we see that the time deri-

vative of any matrix element of da1 (t)/dt which is off-diagonal in k is

equal to a sum of terms, all of which are proportional to a matrix element

of o1(t) which is off-diagonal in k. Thus, when the equation is Integrated

in time, all off-diagonal in k matrix elements of aj(t) vanish. This

result is to be expected since the electromagnetic field leads to tran-

sitions between states with the same wavevector.

We define

<bklcolb'k> "bbs(k) , (8)

where k labels the wavevector, and b is the band index. Taking matrix ele-

ments of Eq. (7), dropping nonresonant terms, and returning to the

Schrodinger representation gives
2 6



-12-

di

Sobb(kt) - y(kt), F(kt))bb

(ga)

SE Rbk-ck ' Obb(t) - Rck'b cc(k ,t))
ck' ---

for the band index diagonal matrix elements of a, and

d
T %bb,(kt) - I NA)+ t) t o(ktt)]bbl

(9b)

ST2  bb(kt)

for the off-diagonal matrix elements. Here

24 " r Rhk * R ckIJ (9c)
T2'tF ck h ck R~ t-c'

where Rak.bk' is the rate at which a hole in band a with wavevector k is

scattered into a state in band b with wavevector k', h(t) refers to the

heavy- (light-) hole band, and Y(k) and He(k) are defined analogous to Eq.

(8).

Using the equations for the time evolution of a, the current density

owing to intervalence-band transitions is found (see Ref. 26 for details)

to be determined by

d2  2 d 27yJ¢k) + T- - ¢k + a (t) j (k)
dt

e2 (k) - £

t ¢ bc (10)

x {A-'-bc(k) Pcb(k + oP-cA'Pcb{k))
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Here Cb(t) is the energy of a hole in band b with wavevector k, tio(k) is

(Eh(t) - c1 (t)), we rename the diagonal elements of the hole density matrix

fb(k), and J(k) is the part of J which includes only those terms in the

trace with wavevector k J(k) -

Eq. (10) is the basic equation describing the absorption and disper-

sion for the medium. We find that the current density acts as a harmonic

oscillator of frequency a driven by the electric field through a coupling

coefficient proportional to the population difference for a given state

with wavevector k. One important conclusion is that the ability of the

vector potential to drive the current density is decreased as the probabil-

ity of occupation of states in the heavy- and light-hole bands become more

nearly equal. This constitutes the physical basis for the observed non-

linear absorption. Another important point is that in the absence of the

applied interaction, the current density will be damped because of the

internal dephasing of the individual dipoles through the interaction with

the lattice, given by the constant T2.

Assuming both A and J(k) oscillate in time with angular frequency W,

we have

K he2 .- bcPcb + Abbch -z (fh(K) - f (k)) z , ,bc c .2,b . .. (k) . (11)

m ct k c (22( ) i 2w/T(k

Due to the peaked behavior of Eq. (11), the primary contribution to the

current density is from states in the heavy- and light-hole bands with an

energy difference iD(k) that does not differ greatly from the photon energy

11w; thus, we write

--------------------------------- (--.~*---



Nhe - 24-

Nhe2 Z(fh(k) f f(k)) I(1Pc2)Acbb

Zni cf k h I bc MV(~ -0)) - i/T 2(V)(2-p-- ~f~(~) A._%cPcb &'Ecb:

Using Eq. (12). we write the susceptibility as a second-rank tensor given

by

Nhe2 fPcbbc + bccb
X(W,I) *-. h - bc ((k N-w( - I/T2 (k (1)

The imaginary part of X describes the changes in the absorptive properties

of the semiconductor, and the real part of X describes the changes in the

dispersive properties. We define

X %, + IX" (14)

where x and x" are real. Thus, we find

Nhe - f(k)) (Q .(k)- ( (15)
Xt 7(. ); t h b ~ "bc cc(a(kl..)2+(I/Tz(k) )2

and

N)Nhe2  c/T 2(k) (16)

M m ;kbc7 (0(k)-w)2 + (1/T2(k))2

Here, the intensity dependence in the susceptibility is contained in the

distribution functions fh(k) and fz(k).

For a plane wave vector potential,

A = et(Kr -at) V (17)

the absorption coefficient is given by
26
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42 Nhe
2

x Z(fh(k) f (k))I.ht(k)j2  1/(t, T2(k))
k 

((k)-W) + (/T2(k)) 2

where the squared momentum matrix elementliht(k)
2 is to be summed over

the two degenerate states in both the heavy- and light-hole bands.

Eq. (18) is the usual expression for the absorption coefficient except

that a normalized Lorentzian replaces the usual energy conserving delta

function. The absorption coefficient is a function of the light intensity

because the interaction of the holes with the laser radiation alters the

distribution in the heavy- and light-hole bands. We want to solve this

equation as a function of intensity to determine the saturation charac-

teristics. I

In order to determine the absorption coefficient, we must calculate

the distribution functions for free holes in the heavy- and light-hole

bands. In the semiconductors of interest, the scattering rate for free

holes occurs on a subpicosecond time scale. For a saturating laser oper-

ating with nanosecond pulse widths (the typical experimental situation),

transient effects are damped out. Thus, we are interested in the steady

state values of the distribution functions. Using Eqs. (9) the steady

state distribution functions are found to solve the rate equations
26 27

O(k) (fh(k) -fl(k)) --Z (Rhk fhk f Rch (k')], (1a

"k t c k 1 rkck h(k) - .ga)

l(k) (fh fl~)) c' [R., 4.kfp ) " R(.1.fb)
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where

T s 2 2 ( (it T2(k))8(k) -vr;22., lth,(k) 12 ') 2  T() (19c)

These equations state that the rate of optical excitation out of (into) a

given state is equal to the net rate of scattering into (out of) the state

when steady state is attained. The lefthand sides of Eqs. (19a) and (19b)

give the net rate of optical excitation out of a state with wavevector k in

the heavy-hole band into a state with wavevector k in the light-hole band.

The righthand side of Eq. (19a) gives the net rate of scattering into the

state with wavevector k in the heavy-hole band, and the righthand side of

Eq. (19b) gives the net rate of scattering out of the state with wavevector

k in the light-hole band.

To calculate the absorption coefficient as a function of intensity, we

first solve Eq. (19) for the distribution functions and then integrate Eq.

(18). In solving Eq. (19), it is convenient to introduce auxiliary func-

tions defined by

Z Rhkk, , (20a)
ck' -

1 R (20b)
cJF k , "

F(t) a [ Rck,.,1k(fc(k') - fe(,))]k . (20c)

and

c [Rck>&(fc( ') -

... .. . . ... . ... • ... . . .. ..... +. -- m++ -' '+l 
+

... .. .-- -+ . aJL p + ' m . ...+ .. . + .. . . . ,l-.a... .
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where fe(k) is the equilibrium value for the distribution function. The

function F(k) is the difference in the feeding rate of free holes from the

equilibrium feeding rate for the state with wavevector k in the heavy-hole

band. The function G(k) is analogously defined for the light-hole band.

(Scattering into the light-hole band is small because of the small density

of light-hole states. Thus, the function G(k) is less important than F(k)).

In terms of these auxiliary functions, the distribution functions can be

written as

o(k) Th(k) (fe(k)- :(k))
fh( ) " 1 + o(k) (Th() + TI(k))

(21a)

F(k) Th(k) + O(k) Th(k) T,(k) (F(k) + G(k))
+hh 1 + 0(k) (Th(k) + T1(t))

ande a(k) T (k) (fe(k) - ft

) + 6(k) (Th(k) + TI(k))

(21b)

G(k) T1 (k) + s(k) Th(k) TI(k) (F(k) + G(k))

1 + 0(k) (Th(k) + T.(k))

The difference in occupation probabilities which appears in the expression

for the absorption coefficient is given by

(fe(k)- f(k))

h - - (k) (Th(k) + T(k))
(22)

Th(k) F(k) - T,(k) G(k)

I + O(k) (Th(t) + Ta(k))

. . . .. . . ,L . .. .



The first term in Eq. (22) gives the population difference that would occur

for the states at k if the populations of the states that feed those at k

were given by their equilibrium values. The second term In Eq. (19)

accounts for the change in the population of the states that feed those at

k. For those values of k which are important in the integral in Eq. (18),

the first term in Eq. (22) is found to be significantly greater than the

second.

Using Eq. (19) and the definition of the auxiliary functions, one can

write equations which determine F(k) and 9(k). If there is no angular de-

pendence in the phonon scattering matrix elements which go into the scat-

tering rates, the functions F(k) and G(k) depend on Ch(k) and C1(k), re-

spectively. Thus, one-dimensional (rather than three-dimensional) equations

must be solved to determine these functions. A more complete discussion of

the solution for the functions F(t) and G(k) is presented in Ref. 26.

-In order to calculate the distribution of free holes as a function of

intensity, it is necessary to know the hole scattering rates. We first

consider the region of temperature and impurity densities for which hole-

phonon scattering is the dominant scattering mechanism. (This condition is

relaxed in a later section to also include the effect of hole-impurity and

hole-hole scattering). Optical phonon scattering is the dominant energy

relaxation mechanism. The optical phonon spectrum of Ge is relatively flat

for small k with an average energy of 0.037 eV. For the small k region in

which we are interested, the acoustic phonon energy is quite small, and we

neglect it. Although acoustic phonon scattering does not contribute signi-

ficantly to energy relaxation, it can change the wavevector of the hole.
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The valence bands of Ge are rather anisotropic and an acoustic phonon scat-

tering event can take a hole from a region in which 6(k) is small to one in

which it is large. Thus, although acoustic phonon scattering is less

important than optical phonon scattering in determining the distribution

functions, it is not negligible because of the anisotropy of the valence

bands. We take the scattering rates to be given by

Ro ' 2w"o1 + (a(k 2 (V-k ) + I o)
Rak-eHbk '- MP 8(E (k) - E0

2-Wa-

+ 0;I2 ,5ca¢.) - Eb () - hw,) (23)

+ IMac 2 6(ca(k) - E b( k'))

Here I 2  the squared matrix element for optical phonon emission,

Imop12 is the squared matrix element for optical phonon absorption, and

jMacj 2 is the squared acoustic phonon scattering matrix element (summed

over both absorption and emission processes).

For spherical energy surfaces and acoustic mode scattering, the shift

of the the'band edge is given by

v "Eac (axx + ey i ez) - E A (24)

where the ett are the diagonal components of the strain tensor, their sum

being --qual to the dilatation A, and Eac is the shift of the band edge per

unit dilatation. Only longitudinal lattite waves scatter the holes. The

matrix element is given by28
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21kT

IM12 ac (25)
ac 2O

Here, T is the temperature, V is the sample volume, p is the material den-

sity, and ul is the longitudinal sound velocity.

For nonpolar crystals (as Ge) and spherical energy surfaces, the hole-

optical phonon scattering can also be described by a deformation potential

approach. In this case, the optical strain is proportional to the dis-

placement of the sublattice containing one type of atom with respect to the

sublattice containing the other, where the displacement is induced by the

optical mode. Integration over the electron coordinates and lattice

oscillator coordinates gives2 8

E2 1

1f4+12  N2 i q +1' (26a)

and

2

IMopI2  0 N q (26b)

where Eop is the deformation potential for optical phonon scattering, tno

is the zone-center optical phonon energy, and Nq is the optical phonon Bose

factor defined by

Nq- 1 (27)

expo.i1



-21-

Following Ref. 28, we have neglected angular dependence In the phonon

scattering matrix element and taken the scattering rates to be the same for

the heavy- and light-hole bands. The numerical value for the constants

appearing in the squared matrix elements were determined from the mobility

fits of Ref. 29, where Eac was taken to be 3.5 eV and Eop to be 6.8 eV.

The scattering times T2 (k), Th(k) and TL(k) are computed from Eqs. (9c) and

(20a, b) using these scattering rates. Optical phonon scattering (primarily

emission) dominates in the results for T2 (k) and TL(k) for the states of

interest. For states in the resonant region of the heavy-hole band, opti-

cal phonon emission is typically not possible and acoustic phonon scattering

makes a significant contribution to Th(k).

B. Calculation of the Hole Distribution

We calculate the distribution of holes in k-space allowing the holes

to interact with the laser excitation and the phonon system. As a first

approximation for the population difference (fh(k)-fl(k)), we neglect the

auxiliary functions F(k) and G(k) and include only the first term in Eq.

(22). This approximation is equivalent to assuming that the rate at which

free holes are scattered into the states involved in the optical transition

is given by the equilibrium value. For optical phonon scattering, the

energy of the initial hole state in the scattering event differs from that

of the final hole by the optical phonon energy. As a result, hole states

that can scatter into a resonant optical transition reqion by optical pho-

non scattering are themselves, for the most part, out of the resonant

region. Thus, the population of these states is not directly depleted by

the optical transitions. The population of these states is indirectly
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depleted by the optical transition because there is a decrease in the

feeding rate of these states owing to the decrease in population of hole

states in the resonant region. However, this decreased feeding from the

resonant region is partially compensated for by an increased feeding from

the re-routing of optically excited holes. For acoustical phonon scat-

tering, the energy of the initial-hole state in the scattering event is

essentially the same as that of the final hole state. As a result, hole

states that can scatter into a resonant optical transition region by

acoustic phonon scattering are, for the most part, in the resonant region

themselves. Thus, the population of these states is directly depleted by

the optical transitions. Including only the first term in Eq. (22) there-

fore overestimates the importance of acoustic phonon scattering. At this

level of approximation it is better to ignore acoustic phonon scattering.

We find that this first approximation for (fh(k) - fl(k)) ignoring acoustic

phonon scattering produces results close to those of our more cowplete

calculation.

Using only the first term in Eq. (22) to determine the population dif-

ference, the absorption coefficient written in Eq. (18) becomes

a (IW) 4w2 Nhe2

1/(tw T2(k)) ()

Mt-42+ (.1)2 [~~~

T-77_
2*
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where

3 2c VCm 2 u
i(k) a- a._ (29)

(Th(k) + TI(k)) T2(k) 2, eIPhL(k)I

Transforming to an integration over surfaces of constant 0(k), and assuming

that the power-broadened Lorentzian is sharply peaked, Eq. (29) can be

written as
.11,) 42 Nhe 2 3

7 7m2 cT

J ds I~hL(kI 2 (f(k) _ fe(k)) (30)

2(k).w )vk 2(k)) A1 + I/ t)

Here, the integral is over a surface of constant O(k). Integrating Eq.

(30) numerically, we find that the absorption coefficient satisfies Eq. (2)

to high accuracy. Indeed, if L(k) were independent of k over the region of

the surface integral, Eq. (30) would reduce to Eq. (1) exactly.

The auxiliary functions F(k) and G(k) are computed numerically as

discussed in Ref. 26. The distribution functions computed from these auxil-

iary functions for k in the [111) and [100) directions together with their

equilibrium values are shown in Fig. 2. The dominant dip in the heavy-hole

distribution function and corresponding peak in the light-hole distribution

function is due to direct optical transitions. Additional dips in the

heavy-hole distribution function occur because of the discrete energy of

the optical phonons. The increase in the heavy-hole distribution compared

to the equilbrtum value at large values of k is due to scattering of the

photoexcited holes in the light-hole band into the heavy-hole band.
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C. Intensity Dependence of the Absorption Properties of p-Ge

The absorption coefficient is calculated numerically. In Fig. 3 the

calculated result for X-10.6,m and T-2950K is compared with the expression

in Eq. (2). The value of Is used in Eq. (2) was determined by fitting the

calculated result for a(I,w). The numerical results could be fit to an

accuracy of about 5% for intensities less than 25 times Is. (This is the

range of intensities which has been most frequently explored experimentally.)

If only the first term in Eq. (22) is retained, the calculated o(I,w) has

almost exactly the form of Eq. (2). The second term in Eq. (22) is smaller

than the first and leads to the small deviations seen in Fig. 3.

Measurements of the saturable absorption in p-type Ge have been inter-

preted in terms of the inhomogeneously broadened two-level model which pro-

duces Eq. (2), and the values of Is(w) have been reported. In Fig. 4, we

compare measured values of Is(w) at room temperature as a function of pho-

ton energy'with our theoretical values. The theoretical values of Is(w)

are determined by fitting the expression in Eq. (2) to the calculated

results for a(I,w) for intensities between zero and 100 W/cm2. In the

range of photon energies considered, Is(w) was found to increase monotoni-

cally with photon energy. There is good agreement between theory and

experiment. There are no adjustable parameters included in the theory.

The calculated results shown in Fig. 4 were attained using the higher

order approximation for (fh(k) - fz(k)). The results for the first order

approximation are qualitatively similar to those of the more complete

calculation; the numerical values of the two calculations differ by an

approximately constant factor. At m10.6um and T-295K, the more complete

i4
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calculation gives a value of Is of 4.1 MW/cm, the first order calculation

including acoustic phonon scattering gives a result of 5.8 MW/cm2 , and the

first order calculation neglecting acoustic phonon scattering gives a

result of 3.5 MW/cm 2. Thus, the first order calculation neglecting

acoustic phonon scattering is within about 15% of the more complete calcu-

lation. This result is interesting because the first order calculation is

much easier and less expensive to perform than the more complete calcula-

tion.

The increase in Is(S) with increasing w is primarily due to the behav-

ior of the scattering rates and the optical matrix elements. The relative

contribution of the scattering rates and the optical matrix elements can be

most easily seen in the first order calculation. At this level of approxi-

mation, Is(w) is given by a weighted average of L(k) (see Eq. (28)). The

values of 9(k) are proportional to w2 , T2-
1(k), (Th(k) + Tt(k)), and

ItPh(k)[ "2. For wavelengths near *O1m and room temperature, values for

w2 , T2"l(k), andlPhL(k)1
2 increase with increasing photon energy and

(Th(k) + TI(k)) decreases. We find that for the wavelengths of interest,

L(k) increases monotonically with increasing photon energy.

Since the usefulness of p-Ge as a saturable absorber in CO2 laser

systems is determined by its saturation characteristics, it is of interest

to be able to control the saturation behavior. Since optical phonon scat-

tering is the dominant relaxation mechanism, and the optical phonon occupa-

tion is temperature dependent, it is clear that Is(w) will depend on tem-

perature. In Fig. 5 we present the results of a calculation of the tem-

perature dependence of Is(w) in p-Ge for light with a wavelength of
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10.6um. Is(w) increases monotonically with temperature. This increase is

due to the increased rate of phonon scattering at higher temperatures.

Because of the rather strong dependence of Is(S) on temperature, it should

be possible to tune the saturation behavior of p-Ge with temperature.

We now consider the polarization dependence of the saturation character-

istics. The polarization dependence of the momentum matrix elements increases

the anisotropy of the hole distribution in k-space. Since the excitation

rates depend on the direction in k-space (primarily through the 1- matrix

elements), the saturation of the resonantly-coupled states by state-filling

will be much larger for some directions in k-space than for otherdirections

for polarized light. Using the first-order approximation for the hole dis-

tribution, we numerically calculate a(l) for light polarized along the [100],

[1103, and [111] directions. Values of Is for the different directions of

polarization and for the case of unpolarized light are given in Table 1.

The experimental results of Ref. 7 indicate no significant variation of Is

with crystal orientation, which is consistent with our calculations in

consideration of the uncertainty in the reported data.

D. Hole-Ionized Impurity and Hole-Hole Scattering

For those temperatures and hole densities for which hole-impurity and

hole-hole scattering is small compared to phonon scattering, the calculated

Is is independent of hole concentration. At room temperature, Is has been

found experimentally to be roughly independent of hole concentration for

concentrations less than about 4x1O15 cm-3. '3 0  We now extend the range

of doping concentrations for which the theory is valid by including the

effects of hole-impurity and hole-hole scattering. We consider uncompen-

sated samples of p-type germanium where the acceptors are all shallow and

ionized at room temperature conditions.
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The scattering rate for a hole with energy c by singly ionized impuri-

ties is given by

V ve4 NJ[&n(1+elZ)- - (31a)
vI K2vf v c3/2 NLI

where

.2 2Km*kBT (31b)
wNI eYt

K is the low frequency dielectric constant, m* is the free-carrier effec-

tive mass, kB is the Boltzmann constant, and NJ is the total concentration

of ionized impurities.3

Following Ref. 32, the rate of hole-hole scattering for a hole with

energy c is given by

24 t Nhe4 X

hh K 2 3 / 2 4 7 (32a)

where

1 - 1i+ Ln [ ( ) (32b)

The calculation of the saturation intensity Is at different impurity con-

centrations is performed using the first-order approximation to (fh() -

fl(k)), where the calculation of scattering rates is modified to include

hole-impurity and hole-hole scattering in addition to carrier-phonon scat-

tering.2 6  The inclusion of hole scattering by ionized impurities and other

holes causes an increase in the scattering ratf of the free holes and

introduces a concentration dependence in the saturation intensity. The

----- -, ,*4l ~ ____________________________________
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result of increasing the scattering rates is that higher intensities are

required to reduce the free-hole population in the heavy-hole band at the

resonant region, since the excited holes can re-route at a faster rate.

The calculated values of Is as a function of the doping density for

p-Ge at room temperature are shown in Fig. 6. 3 4 Also shown are the measured

values for the dependence of the saturation intensity on the doping den-

sity.30

The experimental values of Is at 10.6mm indicate that the saturation

intensity increased monotonically with increasing hole concentration for

the Ge:Ga samples we studied. We note that the experimental values for Is

vs Nh are in fair agreement with theory, with the experimental values con-

sistently larger than the calculated values by about 20%.

The calculated and measured values of Is for p-Ge at 9.6um show a

weaker fractional dependence on the hole concentration than the values of

Ls at 10.6um. For light having a wavelength of 9.6um, the direct transi-

tion between the heavy- and light-hole bands occurs at larger values in k-

space, and thus, for larger heavy- and light-hole energies. Phonon scat-

tering was calculated on the basis of the deformation potential model,

where the scattering rates have a square root dependence on the energy of

the hole carrier.2 9  The scattering rates for a hole with energy e due to

ionized impurity and other hole carriers has approximately an c7312 depen-

dance. 31 3 2 Consequently, the effect of increasing the hole energies in the

resonant region in going from 10.6um to 9.6um radiation is to increase the

effect of phonon scattering and to decrease the contribution of hole-

impurity and hole-hole scattering. Since Is is substantially independent
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of the hole density in the region where hole-phonon scattering is dominant,

we find a weaker fractional dependence of Is on Nh at 9.6um than at 10.6um.

For lower temperature or higher doping density, the effect of scattering

by ionized impurities and other free carriers can dominate the scattering.

In this region, the theory predicts a strong dependence of the saturation

intensity on the hole density. In Fig. 7, we present the calculated values

of Is as a function of the hole density in p-Ge for hole concentrations in

the 1014-1016 cm-3 range and T - 77 K. The two curves shown are for

x - 1O.6um (solid curve) and X * 9.5um (dashed curve) laser radiation.

For those hole states in the resonant region of the light-hole band,

the scattering rate is determined by hole-phonon scattering, in which the

emission of optical phonons makes the dominant contribution. The rate for

emission of optical phonons is not strongly dependent on temperature for

kBT < fkao , where tko is the zone-center longitudinal optical phonon energy.

Consequently, the scattering rate for hole carriers in the resonant region

of the light-hole band is not very sensitive to temperature. On the other

hand, optical phonon emission is not energetically allowed for most states

in the resonant region of the heavy-hole band. For these hole energies

(04b), the rate at which holes are scattered out of (and into) the resonant

region of the heavy-hole band is determined by the interaction of the hole

carriers with acoustical phonons, ionized impurities and other free carriers.

Thus, the scattering rates for these states depend strongly on temperature,

because of hole-acoustical phonon scattering, and strongly on the hole den-

sity, because of hole-ionized impurity and hole-hole scattering. For tem-

peratures and hole densities in which the scattering of holes in the resonant
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region of the heavy-hole band is determined by hole-acoustical phonon

interactions, we find the saturation intensity to be independent of the

hole density, and for cases in which the scattering is dominated by hole-

Impurity and hole-hole scattering, we find the saturation intensity to be

approximately linear with the hole density.

Experimental measurements of the saturable absorption at 77K3 5 have

been made, but the data was taken over a relatively small range of inten-

sities, and the results were interpreted in terms of a homogeneously

broadened two-level model, rather than an inhomogeneously broadened model,

which we believe to be more correct. These measured values of Is at 77K

show a monotonic increase with increasing hole density, in qualitative

agreement with our calculation. The experimental values for Is at 9.5pm

radiation and 77K are a little larger than the corresponding values at

10.6o. for the hole concentrations investigated, which is in agreement with

our calculation.

E. Intensity Dependence of the Dispersive Properties of p-Ge

There is also an intensity dependence in the real part of the

dielectric constant associated with the saturation of the intervalence-band

transitions. These laser-induced changes in the real part of the dielectric

constant alter the dispersive properties of the media and thus can modify

the spatial and temporal behavior of the laser pulse. Since the laser

pulse shape is important in many applications of CO2 laser systems, one

needs to understand the changes in the dispersive properties induced by the

high-intensity beam. An intensity dependence of the real part of the diel-

ectric constant can be exploited for phase conjugation. Phase conjugation
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in the CO2 laser frequency regime using Ge as the nonlinear medium is of

current interest. 36

As previously discussed, for light with a wavelength near lOum, the

dominant absorption mechanism in p-Ge is due to direct free-hole transitions

between the heavy- and light-hole bands. These resonant transitions also

contribute to the index of refraction. At high light intensities, the ab-

sorption due to these transitions saturates owing to a modification of the

free-hole distribution function. This intensity dependent modification of

the distribution function also changes the contribution of the free-hole

tronsitions to the index of refraction.3 7  In addition to the intensity

dependence of the index of refraction from the resonant intervalence-band

transitions, there is an intrinsic contribution due to a field modification

of the virtual electron-hole pair creation processes.38 The magnitude of the

resonant intervalence-band contribution depends on the doping level. Both

contributions lead to an increase in the index of refraction with increasing

intensity. We find that the magnitude of the resonant intervalence-band

contribution to the first order modification of the index of refraction

equals measured values39 of the intrinsic contribution at a doping level of

about 3x10 1 5 cm-3 . In this section we present a calculation of the resonant

intervalence-band contribution to the intensity dependence of the real part

of the dielectric constant in p-Ge for light with a wavelength of 10.6um.

Using the equation for the current density owing to the intervalence-

band transitions, the real part of the susceptibility is given by Eq. (15).

Here, the intensity dependence is contained in the distribution functions

fh(k) and fl(k). At low light intensities, X is a scalar because of the
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I,

cubic symmetry of Ge. For high Intensity polarized light, the cubic sym-

metry is reduced and X is described by a second-rank tensor.

The function 0(k) is defined as

*() 212 621 "i ~I 1/(WfiT2(k))
0(k) e lin-Pbc(k)12 33

rkM)w b inh ((k)-2)z + (1/T2(k))' )
c in A 1T()

where I is the light intensity, n is the polarization of the light, and e, is

the intrinsic material dielectric constant. The definition of 0(k) in Eq.

(33) differs slightly from that of Ea. (29c) because we have not averaged

over polarizations. As a result, the distribution function, which we cal-

culate here, depends on the polarization of the light and does not have

cubic symmetry. The calculational approach, however, is the same as pre-

viously discussed. Some of the results we present here are for unpolarized

light. In this case we average the vector potential over all angles.

We calculate the intensity dependence of the real part of the suscep-

tibility due to resonant intervalence-band transitions. The results quoted

in this section for An(I) and Ae(I) refer to only this contribution. There

is an additional intrinsic contribution which is to be added to our results.

There my also be heating effects in any particular experiment. One can

determine the contribution from thermal effects using measured values of

dn The thermal effects can be eliminated by using sufficiently shortdT"

laser pulses.

The real part of the susceptibility is calculated numerically for X

1O.6mm and T=300K. We consider the case of lightly doped samples, where

the relaxation Is dominated by hole-phonon scattering. Using Eq. (15) we

T.
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can calculate X'(I) for any polarization of the light. Explicit values of

X'() are calculated for the case of unpolarized light, and for the polari-

zation along the [100) and [110] directions.

For unpolarized light the second-rank ransor X' becomes a scalar,

since any orientational dependence has been averaged out when we averaged

over the directions of the vector potential.39 We find that values of X'(1)

increase monotonically with increasfig intensity due to chanqes in the

distribution of free-holes. Room temperature values of x'(I)/X'(I-0) are

given in Fig. 8 for intensities between 0 and 60 MWl/cm2 . At low intensities

(X'(IO)/Nh) is equal to 1.4x10 20 cm3 (x'(1-0) is proportional to Nh).

Laser-induced changes in x'(w) can be measured by observing changes in

the real part of the dielectric constant, which determine the dispersive

properties of the medium. The real part of the complex dielectric constant

Sis given by

- " + 4X • (34)

Values for the change in c can be measured by studying threshold values for
positive). In Fig. 9 we show the calculated resultssel f-focusing (for poiie.IFi.9wshwtecluadrsls

for A and the corresponding results for the change in the index of refrac-

tion, An, for unpolarized light with a wavelength of 10.6um at 300K. The

changes in e and in n are directly proportional to the free-hole density.

We find that 9 and n are increasing functions of intensity.

The intrinsic contribution to dn/dI in Ge has recently been measured

to be about x10- 6 cm2/NW. 4 0 The resonant intervalence-band contribution

to dn/dI is intensity dependent. In the lower intensity region the change
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in n Is linear in I. For hole densities greater than about 3x1O 1 5 cm- 3,

the resonant intervalence-band contribution is larger than the intrinsic

contribution at the lower intensities.

In Fig. 10 we show the calculated results for the diagonal components

of (t/Nh) as a function of intensity for light polarized in the [100) and

[110) directions. For the case of [100) polarization the coordinate axes

are chosen to be the crystal axis of the sample. In this coordinate

system, the off-diagonal components of C vanish as at low intensities.

There is a small difference in the values of c and Czz (C -
1 zz in this

xx zz yy z
case) due to the polarization dependence of o(k) in determining the distri-

bution of holes in the heavy- and light-hole bands. For the case of [1103

polarization, the X axis is taken in the [110) direction, the Y axis in the

[110) direction and the Z axis in the [001] direction. In this coordinate

system l is diagonal. There is a small difference in the values of the

three diagonal components. Overall, from Fig. 10, we see that the effects

of polarization on 4 are rather small.

The change in 6 with intensity is due to the change In the distribu-

tion of hole states. We find that the diagonal components of X' increase

monotonically with increasing Intensity. From Eq. (15), we see that values

of k for which M(k) > w lead to a positive contribution to X' and thus to

C, whereas values of k for which 2(k) < w lead to a negative contribution

to x'. Under optical excitation, the holes occupy higher energy states

than in equilibrium. Thus, for the higher energy states with Q(k) > w the

difference in occupation probabilities (fh(k)-fj(k)) is on the average en-

hanced compared to the equilibrium value, whereas for states with a(k) < w
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the difference in occupation probabilities is decreased compared to the

equilibrium value. Hence, the positive contributions to C from terms with

0(k) > w is increased by illumination, and the magnitude of the negative

contribution to a from terms with Q(k) < w is decreased by illumination.

Consequently, e increases monotonically with increasing intensity. As the

intensity increases, the increase in c is slower than linear due to satura-

tion of the intervalence-band transitions.

For two laser beams incident on a Ge sample, as in a pump-probe

experiment, the light intensity is modulated in space and time due to the

interference of the two beams. Since the index of refraction is a function

of intensity, it is modulated by the oscillating intensity. The periodic

variation of the index of refraction leads to a coupling of the two beams.

This coupling can influence the transmission of the beams, which may be

important in the analysis of a pump-probe experiment.

F. Saturation Behavior of Other Groups IV and III-VI Semiconductors

In this section, we present the results for the saturation characteris-

tics for two different types of materials: semiconductors with a spin-orbit

splitting large compared to the photon energy of the CO2 laser (as is the

case for Ge), and semiconductors with a small spin-orbit splitting compared

to the photon energy (as Si). In the first case the split-off hole band is

not involved in the optical excitation process. For materials with small

spin-orbit splittings, the theory must be modified to include transitions

between the heavy- and light-hole bands, the light- and split-off hole

bands, and the heavy- and split-off hole bands.
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We first present a calculation describing the saturation behavior of

materials with spin-orbit splittings large compared to the energy of the

incident radiation. Thus, the split-off band is not involved in the opti-

cal transition and can be ignored. Some of the materials with large spin-

orbit splitting include p-type Ge, GaAs, GaSb, A1Sb, InAs, and AlAs.

Results for p-Ge have already been presented. In addition to Ge, saturable

absorption has been observed in p-type GaAs.1 The measurements were made

over a maller intensity range than for Ge and the results were interpreted

in terms of a homogeneously broadened two-level model (rather than the

inhomogeneously broadened two-level model which we believe would have been

more correct). A saturation intensity of 20 MW/cm2 was reported. We are

not aware of any experimental measurements for p-type GaSb, AlSb, AlAs, or

InAs; however, due to the similarities with p-Ge and p-GaAs, we also expect

the absorption in these materials to saturate.

In order to limit the numerical expense involved in the calculation,

we use the first-order calculation for the distribution of hole states in

the resonant region of the heavy- and light-hole bands. The first-order

calculation which neglects acoustical phonon scattering produces results

which are within 15% of the more complete calculation of the saturation

intensity for p-Ge and p-GaAs (for which the more complete calculation was

also performed).

The calculated values of the stturation intensity at room temperature

and a photon energy of 117 meV (-10.6um) for the materials considered are

given In Table II. We find that the dependence of Is oa temperature and

incident photon energy are qualitatively similar to that for Ge. This
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smooth behavior of Is near room temperature and over the CO2 laser spectrum

allows one to characterize the saturation behavior by Is (at Eo - 117 meV

and To - 2950 K) and the slopes CPIs/aLE ° and (aIs/3TT o. Values of the

derivative of Is with respect to photon energy and temperature are given in

Table II. For completeness, we include the results for Ge.

From Table II, we note a large variation of the saturation intensity

for the materials. This large variation of the saturation intensity Is is

due to two factors: (1) the deformation potential parameters, and (2) the

valence band structures. A discussion of the systematic dependence of

Is on the material parameters is presented in Ref. 41.

In the previous discussion we presented the results of a theory

describing the saturation of the intervalence-band transitions for most of

the Group IV and III-V semiconductors for which the spin-orbit splitting

was large compared to the energy of the incident photon. However, for

materials such as Si, where the spin-orbit splitting is less than the pho-

ton energy, one mist generalize the theory to include transitions from the

heavy-hole to light-hole band, the heavy-hole to split-off band, and the

light-hole to split-off band. We now consider the saturation properties of

Si and InP, GaP, and AlP, which also have small spin-orbit splittings.

The absorption coefficient for these materials in the 9-11um region

can be written as

a a ap + i + %-s + a-s ' (35)

where ap is the residual absorption due to phonons, ahj(h.) is the

absorption coefficient due to direct heavy-hole to light-hole (split-off)

___
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band transitions, and aL- s is the absorption coefficient due to direct

light-hole to split-off band transitions. The effect of lattice absorption

depends on the wavelength of the light and the temperature of the material.

Lattice absorption at 9.6Mm requires the cooperation of at least three

phonons to conserve energy and is therefore small. In Si two-phonon

absorption is energetically possible for a wavelength of 10.6pm. The

absorption of light by the creation of phonons can be included in a

straightforward way, since this process is nonsaturable and just adds a

residual absorption term. Here, we consider the saturable absorption due

to the direct intervalence-band transitions.

In Eq. (18) we have given an expression to determine the decrease in

the absorption coefficient with increasing intensity when only the heavy-

hole and light-hole bands were involved in the optical transition. Analo-

gous expressions can be written for direct transitions between the heavy-

hole and split-off bands and between the light-hole and split-off bands.

In order to numerically integrate the expressions for %be, a and

we must calculate the steady-state distribution functions in each band as a

function of intensity for each wavevector k. If we assume that the three

direct optical transitions are uncoupled, then the absorption due to each

resonant transition can be independently analyzed. That is, we can deter-

mine the saturr.ion characteristics for ch., ah s , and al. s independently

using Eq. (18) for ch, and the analogous expression for ah#s and cLt s .

Here, we assume that the modification in the distribution function of free-

holes due to one particular resonant transition between two valence bands

in k-space does not strongly affect the distribution of free-holes in the
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resonant regions for the other transitions. A more complete discussion of

the calculational approach is presented in Ref. 42.

We numerically integrate the expressions for abe.L, ah.s, and -L.s, and

find that the intensity dependence of the absorption due to each direct

transition can be fit to high accuracy by the functional form

aoiVi1 (I) (36)

where Qoi is the low-intensity absorption coefficient and (Is)i is the

saturation intensity of the ith intervalence-band transition. Values of

(1s)hi. (Is)hs, and (Is)ts at )9.6um and T-295K are given in Table III for

the materials considered. For intensities low enough that the square root

in Eq. (36) can be power series expanded, one has

1 .
5a 0 S

The values of a oj/ o for each of the three resonant transitions are listed

in Table IV. We have taken Is to fit the result for the sum of the three

processes for intensities up to 100 MW/cm2 . We find the saturation intensity

to have a smooth behavior near room temperature and )-9.6nm (Eo-129.8 meV).

This allows one to describe the saturation near room temperature and near

Eo by giving the values of Is (at Eo-129.8 meV and To-295K) and the slopes

al !-s adLS are given in-1S and - . The values of 1I ,adar ivni
Eo 3T To aE EO  aT To

Table III.

I
I

.1
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The measured values of Is for p-Si at 10.6rmn and 9.6mm are shown In

Table V.30 We see that Is is considerably larger for Si than Ge, which is

primarily due to the larger hole-phonon scattering rates and the smaller

excitation rates In Si. In addition, lattice absorption is much larger in

Si than Ge for the wavelengths of interest. This larger nonsaturable

absorption must be included in the numerical analysis and creates a larger

uncertainty in the values for the saturation intensities. Absorption

saturation in p-Si has previously been observed;1 however, the range of

intensities considered was smaller and the data was interpreted in terms of

a homogeneously broadened two-level model with Is , 50 MW/cm2. " We find

the data to be better approximated by an inhomogeneously broadened two-

level model, where the deviation between the two functional forms for the

intensity dependence of the absorption coefficient becomes apparent for I

Is.

Values of the saturation intensities in the materials with small spin-

orbit splittings are generally larger than the values in materials with

larger spin-orbit splittings such as Ge and GaAs. This difference is pri-

marily due to the relatively slow splitting between the valence bands with

Increasing Ikl. This leads to larger scattering rates for the states in-

volved in the transitions and thus large values for the saturation intensity.

The deformation potentials and the values of the optical matrix elements

also play an important role in determining the value of the saturation

intensity.

1 
6,
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G. Intensity Dependence of the Conductivity

Since the absorption of light modifies the distribution of free holes,

one expects a change in the sample conductivity upon illumination. Because

the density of states in the heavy-hole band is much greater than that in

the light-hole band, the photoexcited holes primarily scatter into high

energy states in the heavy-hole band. Thus, the dominant change in the

distribution function is an increase in the average energy of occupied

states in this band. For temperatures and doping levels for which phonon

scattering dominates the momentum relaxation, the conductivity decreases

upon illumination because the rate of phonon scattering increases with

increasing hole energy. For lower temperatures or higher doping levels

where ionized impurity scattering dominates the momentum relaxation, the

tonductivity increases with illumination because ionized impurity scat-

tering decreases with increasing hole energy. These photoconductive

effects have been observed experimentally 43 -47 and have been shown to

influence the performance of p-Ge photon drag detectors. 48-50 In this sec-

tion we present the results of a calculation of the photoconductive response

of p-Ge upon illmnination by 10.6om light as a function of doping level,

temperature and intensity.

*Previous calculations of this photoconductive response have been based on

idealized models in which the Ge valence bands have been replaced by a set

of discrete energy levels, each characterized by an effective mobility. 4 6 47

In addition, the effects of saturation of the intervalence-band transitions
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were not included, so that the results could only be applied for low inten-

sities. Using the calculated hole distribution, we determine the photocon-

ductive response in both the linear and nonlinear regimes. We find reason-

able agreement with experimental results.

The intensity dependence of the conductivity is given by the following

expression5 1 for an electric field in the z-direction 52

r1 (sfo/ak
aa(j) hfdk tfh(k) a T hz / + ' h1 (38)/)k

ff0

+ 3f./ahI  "'-  1

1 3 e2  rdfdk f0(k) ~ TrL W ~1

2() T 

"!;"~ ~ "hdkt ¢k)) z % 'z + 0(rh  , )•

Here, Nh tis the hole density, f (k) is the distribution function in the

heavy-hole band subject to the laser light but with no external electric

field, Vbz is the group velocity of the carrier in band b for kt n the z-

direction, h(k) [r5(k))] is the momentum relaxation time due to scattering

of holes with wavevector k in the heavy- Elight-) hole band by phonons and

ionized Impurities, 3 and *(k) is defined by Eq. (19c) and describes the

excitation of the hole carrier by the high-intensity light.
In Fig. 11 we show the calculated results for (-/oI) vs Nh in the

low intensity regime where i s proportional to d. The calculation was

of hleswithwavvecor kin he eavy [lght] hoe bnd y phnon an

........... im ur ti s 53,,. -,nd.' O i ]' k)-, C is def ne by Eq-.
"

(19c and -de c i e the .. .,....-.. .
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done for room temperature Ge illuminated by )=10.6,m light. The conduc-

tivity has decreased upon illumination. The primary effect of illumination

on the hole distribution is to increase the population of high energy holes

in the heavy-hole band. At room temperature and for the doping levels con-

sidered here, hole-phonon scattering limits the conductivity. Since hole-

phonon scattering rates increase with increasing hole energy, the conduc-

tivity decreases with illumination. For hole densities between about 1D14_

4x101 5 cm"3 , (-Ao/ol) is essentially independent of Nh. In this region

hole-impurity scattering makes a negligible contribution to the scattering

rates. For hole densities greater than about 4x10 15 cm-3, (-AG/ol)

decreases with increasing Nh. In this regime, hole-impurity scattering

begins to play a role in limiting the mobility. Hole-impurity scattering

rates decrease with increasing hole energy. As a result the fractional

increase in the total scattering rate (hole-phonon plus hole-impurity) does

not increase as much with increasing hole energy in the more heavily doped

samples. In addition, the hole distribution is not as strongly modified by

illumination of a given intensity in the more heavily doped samples due to

the increase in hole-ionized impurity and hole-hole scattering which tends

to maintain the equilibrium distribution. For hole densities less than

about 1014 cm- 3, (-aa/al) decreases with decreasing hole density. This

decrease is due to the increased contribution to the conductivity of free

electrons whose distribution is not strongly modified by illumination. (In

Ge at 300K, the intrinsic density is about 2x10 13 cm-3). Also shown in

Fig. 11 are the available experimental results. There is considerable

variation in the results reported by the various authors. Our calculated
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values are in fairly good agreement with the data of Gibson et al. 44 and

those of Maggs.
48

In Fig. 12 we present our results for the temperature dependence of

(Ao/oI) for a hole concentration of 2x1016 cm-3. We choose this value for

the hole density since measurements exist and the change in the conduc-

tivity was observed to change sign over the temperature range that was

reported.45 We note that the change in the conductivity is negative for

temperatures greater than about 100K and becomes positive for lower tem-

peratures. In the higher t~mperature regime, hole-phonon scattering plays

a greater role in determining the momentum relaxation than hole-impurity

scattering and thus the conductivity decreases upon illumination. In the

lower temperature regime, hole-ionized impurity scattering dominates the

momentum relaxation and the conductivity increases upon illumination. The

temperature at which Ao changes sign depends on the doping level. At lower

doping levels, the sign change in Ao occurs at lower temperatures. This

effect has been observed experimentally.4 5  In addition, we note that the

magnitude of I A/oII decreases as the tempetature increases from about

150K. This decrease is due to a decrease in the rate if phonon scattering

at the lower temperatures. As a result of the decreased scattering rate,

the hole distribution is more strongly modified by a given light intensity

at the lower temperatures. The experimental results of Refs. 43 and 45 are

included in Fig. 12. The data show the same qualitative features as the

calculated results. The calculation gives somewhat larger values for

lAo/vIl than were observed in Ref. 45. From Fig. 11 we note that the room

temperature results reported in Ref. 45 are systematically smaller than

those of Refs. 44 and 48.
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Because of interest in the performance of photon-drag detectors at

high laser intensities,48 "50 we also examine the photoconductive response

of p-Ge at intensities for which saturation effects start to become impor-

tant. In Fig. 13 we present the results of our calculation of (-Ao/dI) as

a function of Nh for different light intensities. The curve for 0.05 MW/cm2

is in the linear regime. At the higher intensities, (-Aa/a) increases with

Increasing intensity at a rate which is slower than linear. The nonlinear

behavior is due to saturation of the intervalence-band transitions. The

shape of the curves at any given intensity are similar. We are not aware

of any direct measurements of (Aa/aI) at these high intensities; however,

both saturable absorption1 '7-9 and nonlinear photon-drag voltages4 8'5 0 have

been seen experimentally. It is possible that this saturation effect could

account for some of the variation in the experimental results shown in Fig.

11.

III. NONLINEAR ABSORPTION IN n-TYPE GERMANIUM

In this section we present a quantitative investigation of the for-

mation of a laser-induced plasma in n-type or intrinsic germanium by

absorption of lOum light. For this spectral region the material is rela-

tively transparent at low intensity and is often used as a window material

for CO2 lasers. Germanium has also been used as phase-conjugate mirrors at

10.6um via degenerate four-wave mixing.36 Recently, amplified reflection

at 10.6um has been observed via degenerate four-wave mixing in an optically

induced free-carrier plasma in germanium.10

Experimentally, it is observed that n-germanium exhibits an increase

in the absorption coefficient with increasing intensity. 2 3'9 This
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laser-induced "opacity" has a decay time of about 100usec, which is on tne

order of the electron-hole recombination time in germanium. The increase

in the absorption coefficient at high intensities has been shown through

photoconductivity measurements2- 3 to result from the formation of electron-

hole pairs and subsequent free carrier absorption. Two mechanisms have been

proposed to describe the generation of the electron-hole pairs by the below

gap light. In one model, 3 multiphoton absorption is invoked. For absi,,-p-

tion at the direct gap at least seven photons must be involved, absorption

at the indirect gap requires six photons (and one phonon) at 1O.6um or five

photons (and one phonon) at 9.6um. In the second model, the excess

electron-hole pairs are generated by impact ionization. That is, the high

intensity light increases the average energy of the conduction electrons

initially present (n-type material). When an electron (or hole) has an

energy relative to its band minimum in excess of the band gap energy, the

hot carrier is able to lose energy by creating an electron-hole pair. Here

we consider the second model (which we believe to be the more likely). To

describe the process, we set up and solve rate equations to determine the

hot-electron distribution as a function of laser intensity. We then find

the rate at which electron-hole pairs are generated. The absorption pro-

duced by the excess carriers is then found. We compare our results with

the experimental results of Ref. 10 and of Refs. 2 and 3. The experimental

results reported by these two groups are in disagreement. Our

results are in good agreement with the results reported in Ref. 10 but

cannot account for the much lower threshold intensities for electron-hole
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pair generation which are reported in Refs. 2 and 3. There are no fitting

parameters in our calculation. If the threshold intensities reported in

Ref. 10 prove to be correct, our calculation strongly suggests that impact

ionization is indeed the mechanism responsible for the observed generation

of excess electron-hole pairs by high intensity CO2 radiation in Ge. On

the other hand, if the much lower threshold intensities reported in Refs. 2

and 3 prove to be correct, our calculation strongly suggests that impact

ionization cannot be invoked to explain the electron-hole pair generation.

We consider n-type and intrinsic Ge. Thus, the initial electron den-

sity is greater than or equal to the initial hole density. We assume that

impact ionization is larger for electrons than for holes and only include

electron-hole pair generation via electron impact ionization in our calcu-

lations. There are two reasons for this assumption: the hole-optical pho-

non coupling is somewhat stronger than the electron-optical phonon coupling

(thus the energy relaxation for the holes is somewhat stronger than for

electrons) and the intravalence-band optical absorption cross sections are

somewhat smaller than the intraconduction-band cross sections (thus the

electrons are more easily optically excited). Note that the intervalence-

band cross sections for free holes are large, but to excite a hole to an

energy for which impact ionization is possible would require that many pho-

tons be absorbed. Direct intervalence-band absorption can only contribute

at the low energy part of the hole distribution where the heavy and light

hole bands are in resonance (that is, only the "first" photon will be

absorbed via an intervalence-band process and the "other" photons must be

absorbed via the intravalence-band process). If the hole impact ionization

.4i
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were comparable to electron impact ionization our results would be only

slightly modified, even for undoped material, because the impact ionization

rates are a very strong function of intensity. Thus, if the electron-hole

pair generation rates as a function of intensity were (say) doubled, the

intensity required to produce a fixed generation rate would be only

slightly modified. Of course, for n-type material there are initially few

holes and the hole impact ionization process would have to significantly

exceed the electron process to invalidate our procedure. In p-type

material, impact ionization by holes may dominate (at least initially)

because there are very few electrons present. Thus, we expect that the

threshold intensity for electron-hole pair formation in p-type material

should be somewhat larger than in n-type material.

A. Calculational Approach

Simplified rate-equation models have previously been presented in

which the conduction band is divided into a discrete set of energy levels

with an energy separation of the photon energy1 1 or the longitudinal opti-

cal phonon energy.54 These calculations have been applied to studying

carrier multiplication in InSb, Hg.7 7Cdo. 2 3Te and Ins by 10.6um light

pulses. For these materials the relaxation of the energetic electrons is

largely determined by polar optical phonon scattering, while for germanium,

nonpolar optical phonon scattering dominates the energy relaxation of the

energetic carriers. The rate equations to be solved for the distribution

of free electrons have the following form
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afck afCk

at at absorption c'j' [R-k (fck -

(39)

+ Z [Rake (fc'k' - fc'+')1
cak' C. ck -

where fck is the one-electron occupation probability for a state with wave-

evector k in band c, fck is the thermal equilibrium value for the distribu-

tion fck, and Rck.Cke is the rate at which an electron with wavevector k

In band c is scattering into a state with wavevector k' in band c'.

Recombination and impact ionization are slow compared to the electron-

phonon scattering rates and these processes are not included in Eq. (39).

Thus, Eq. (39) is used to determine the electron energy distribution for a

fixed number of electrons. This energy distribution is then used to find

the impact ionization generation rate. This generation rate is used to find

the density of carriers as a function of time for a given optical pulse

shape. The reconination rates are very slow (lifetimes on the order of

100 usec, while the laser pulse we consider is a few tens of nsec or less)

and can be ignored. For intensities near the threshold for plasma genera-

tion, the intraband scattering rates for the highest energy electron states

which are occupied with reasonable probability are fast compared with the

impact ionization rates. Thus, our procedure should be reasonable for

these Intensities. At very high electron energies (cel Z 1.6 eV), the

impact ionization rates become comparable to the intraband scattering rates

we consider and our approach breaks down. However, these very high energy

I.
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states are only reached with reasonable probability for intensities con-

siderably larger than the threshold intensity.

For 1O0&m light the dominant absorption mechanism in n-type germanium

is free carrier absorption, where an electron absorbs a photon and is

excited to a state in the same band. The cross section for this process is

smaller than that for intervalence-band free hole transitions, since in the

case of free electron absorption the conservation of energy and crystal

momentumi cannot both be satisfied without the interaction of a third par-

ticle such as a phonon or impurity. In a free-electron approximation, one

can derive expressions for the cross section by perturbation methods.55

The results of these calculations indicate that impurity density plays an

important role in determining the cross section.

At low light intensity (linear regime), the free electrons occupy

states near the conduction band mimima where the bands can be described by

A effective mass theory. However, in this problem we are interested in exci-

* tation rates for electrons which are highly energetic with energies as high

as 2-3 times the bandgap. We assume that the excitation rates depend only

on the density of final states to which the electrons can be excited by the

absorption of a photon. Thus, the excitation rates depend on the energy of

the carrier and increase as the density of final states increases. The

constant of proportionality in the excitation rates is determined by

requiring that at low light intensities, the calculated value for the cross

section agree with the experimental measurements. Thus, the term in Eq.

(39), which describes the rate of change of the distribution due to absorp-

tion, connects a state with energy c to the energy surfaces E + 1'i, where

ftw is the photon energy.



The state with energy c is depleted by one-photon transitions which

excite the electron to energy c + hiw, and the state is fed by one-photon

transitions from states with energy c - ftw. Only one-photon transitions

are included in the analysis. Thus, in the calculation, the hot electrons

which can undergo impact ionization pair-producing events are generated by

successive one-photon transitions.

In order to calculate the occupation probabilities, we must also know

the free-electron scattering rates. We consider the region of temperature

and impurity density for which the scattering is dominated by lattice scat-

tering. The optical phonon dispersion curve is relatively flat, and we

take the optical phonon energy to be discrete with an energy of 37 meV. We

consider the scattering of electrons from acoustical phonons to be an

elastic process. This approximation is valid for the scattering of

electrons from acoustical phonons with small q, but does not'account for

the energy relaxation of energetic electrons associated with large q

electron-acoustical phonon interactions. For electron energies less than

the band gap, the rate of energy loss is dominated by optical mode scat-

tering; however, for larger energies, this approximation somewhat under-

estimates the rate of energy relaxation of the hot electrons by the

emission of phonons. Making these assuptions regarding lattice scattering

events, the states with energy c in Eq. (39) directly couple to only the

surfaces in k-space with energy t and c tiuba by lattice scattering events,

where tiwo is the optical phonon enerqy. we describe the scattering due to

the combined longitudinal and transverse nonpolar optical phonons by an

energy-dependent relaxation time 5
6
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'1TPO 1'AC 1~T) ( :)[q (1 C-2)(0
(40)

+ (Nq +1) (I f)

Here, I/TAC is the scattering rate due to the combined longitudinal and

traverse acoustical phonons given by
5 7

2i -) 22kBT C2(1

where _- 2 0.75 2[1 .31 + 1.61=/ + 1.01 ( __ j]. (42)

In Eq. (41) mt (mn) is the transverse (longitudinal) effective mass, p is

the crystal density, U, is the longitudinal sound velocity, and = and

-a are the deformation potential constants as defined by Herring.5 8 The

quantity TAC (TNPO) is the mean free time for a carrier to be scattered out

of a state c(k) by interaction with an acoustical (optical) phonon. Since

the matrix elements are independent of the directions of k and k' (a k + q),

TAC and tNpO are also equal to the relaxation time for this type of scat-

tering given a perturbation which creates a small disturbance from

equilibrium. The numerical value for the constants appearing in the scat-

tering rates are shown in Table VI. The value of )2 was

chosen to be 0.459 so the experimentally observed temperature dependence of

the mobility could be duplicated without invoking additional scattering
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mechanisms. Following Conwell, 59 we determine 1 using the measured

values of the interaction constant D for nonpolar optical modes and the

relation

__q 2 W2 0.4 . (43)

The interaction constant D can be determined from high field transport

measurements. From the magnitude of the saturation drift velocity60 one

obtains 5x10 8 eV/cm and from the temperature dependence of the saturation

61drift velocity one obtains 7x108 eV/cm. We take an average of these two

results D=6x0 8 cm/sec, which gives 9.1 eV.

Both the phonon scattering and photon absorption processes tend to

randomize the crystal momentum of the final state, although energy conser-

vation still holds in the interactions. As a result, a detailed calcula-

tion of e(k) is not necessary since one only needs information about the

electronic density of states p(s). The density of states is taken from the

nonlocal pseudopotential calculations of Chelikowsky and Cohen.
62

The rates for the inelastic scattering of electrons by the production

of electron-hole pairs are computed by first-order perturbation theory by a

method developed by Kane.6 3 Because there are three occupied final states,

the cross section for impact ionization is a strongly varying function of

the hot electron energy near threshold due to density of states considera-

tions. In the impact ionization event, an energetic electron with energy

greater than Eg interacts with an electron in the valence band producing a

free electron-hole pair. Following Kane,6 3 we write the impact ionization

rate for an electron with energy c as
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w(c) A f P (C2)P(C3)P(C4) 6 ( - £2 - £4) dc2dc3dc4 , (44a)

where

A IMl +jMbI 2 - (MaMb + MaMb)/2] /(84c). (44b)

Here, p is the density of electron states and Nc is the number of unit

cells. Ma and Mb are the direct and exchange screened Coulomb matrix ele-

ments defined as
4we 2  cv (k ) c ,

Ma e v (45a)I - k' 12 + L~2

and

',e 2  Fcc (k ,k') F (k,k)"-v-- 1'-2 cv 21-1 (45b)

where

F nn. (kk') U f ui (.r)Un'(k',r) d3r. (45c)
unit
cell

Here, V is the volume, Un is the periodic part of the Bloch function, and LD

is the Debye Length. in Eqs. (45), k2 is the wavevector of the initial hot

electron in the conduction band, kj is the wavevector of the additional

electron in the conduction band produced by the impact ionization event, kI

is the wavevector of additional hole in the valence band produced by the

impact ionization event, and k2 is the wavevector of the free electron in

the conduction band after the impact ionization. Following Haug and Ekardt, 
64

the direct Coulomb term is screened by the dielectric constant, but not the

exchange term. Although there are some questions with regard to the validity
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of this assumption, this treatment of the exchange terms gives better

agreement with the measured Auger recombination rates in Ge and 
Si.65-67

The overlap integrals in Eqs. (45) are estimated to be

IFnn 12.1, (46a)

and

IFnmnI 2 - 0.1 (46b)

Here, the value for IFnnI2 follows from k * p perturbation theory and the

value for jFn nI2 corresponds to values approximated by 
Huldt.68

Since germanium is indirect with a conduction band minima in the [111]

direction at the zone edge, near threshold [ k - ki - I k2 - k K111/2,

where Kl11 is the minimum non-zero reciprocal lattice vector In the [111

direction. This approximation to the matrix elements is less valid for hot

electrons far above the pair-producing threshold. In silicon the variation

of the squared matrix element is about 30% for primary electron energies

between 5 and 8 eV. 6 3

B. Results and Discussion

Using the densities of states of Ref. 62 in Eq. (44a), we calculate

the impact ionization rates as shown in Fig. 14. We see that the scat-

tering rates are a strong function of the primary hot electron energy,

especially near threshold. The scattering rate for electrons by pair-

producing collisions is equal to the scattering rate for electron-phonon

interactions for free carriers with an energy of about three times the

bandgap.
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In the absence of the inelastic pair-producing collisions, the high-

intensity light increases the average energy of the free electrons and a

steady-state distribution is attained on the time scale of a few pico-

seconds. Since the laser pulses used in the experiments are much larger

than a psec, any transient effects not associated with pair generation

would be damped oit. We first solve for steady-state solutions of Eq. (39).

The occupation probability for a state with energy c is coupled to the

energy surfaces at c i 1 and c i t o .  In the numerical calculations, we

divide the energy space into a grid with intervals of 1 meV for energies in

the range of 0 to 2.50 eV. The equation for f(c) is represented by a set

of linear algebraic equations as a consequence of the discreteness of. the

photon and optical phonon energy. For example, for a state with energy

greater than the phonon energy two and less than the photon energy,%w, the

occupation probability is coupled to the energy surface c + tiw by photon

absorption and to the energy surfaces c t hwo by optical phonon interac-

tions. The steady state equation can be written as

0(I) Tph [fe(k) - fc+tu(I)] Tph F(e)
f(t) f()() - ~ Tph + .(47)

C 1 + o() Tph ph

Here, we have defined the auxiliary functions

1 a E c'k' (48a)
Tp~)c'k' cck k '

F( - F Rc'k'-*ck (fc'k' fc'k)]' (48b)

s(I) is the transition rate by photon absorption out of a state with wave-

vector k and fc,(I) is the probability that a state on the energy surface

.. . . ... . .. ,.... .... ..I:, , L . -' . ; --" - .... ., , -d
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c' is occupied by an electron. The excitation rate 0(I) can be written as

o(c,w)I
0 (1,E) - ,(49)

where o(i,w) determines the free electron absorption cross section for a

photon with energy hw through the relationship

o(w) - I a(c(k),w)f(e(k)). (50)
k -

We assume that a(e,w) is proportional to the density of electron states at

c + U, where the constant of proportionality is determined using Eq. (50)

and requiring that at low light intensities (linear regime), the calculated

value for the cross section a(w) agree with the experimental results. In

solving for the distribution and the constant of proportionality in o(E,W),

we assume that nondegenerate statistics can be used. We use a cross sec-

tion of 4.8x10- 7 cm2 at 10.6um and room temperature determined from the

measurements of Ref. 55. The excitation rates are directly proportional to

the product of the free-electron cross section, the light intensity, and

the density of final states, so that a different free-electron cross sec-

tio.n could be used by scaling the light intensity. All calculations are

performed assuming no increase in the lattice temperature, that is, for

laser pulses of sufficiently short duration that thermal effects can be

ignored. We solve the equations by an Iterative method to determine the

distribution of free electrons with energies greater than Eg as a function

of the laser intensity. We first substitute the thermal equilibrium values

for the occupation probabilities on the right hand sides of the set of

algebraic equations similar to Eq. (47). Then we continue to iterate the

set of equations until convergence. We find that for sufficiently high

h -r. ,V
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intensities, a significant fraction of the total electron density is

excited to states with energies greater than the bandgap. For example, the

calculated electron density with energy greater than Eg is 0.0017%, 0.070%,

and 2.4% of the total electron density for light with a wavelength of

10.6um, room temperature conditions, and intensities of 20, 50, and 100

MW/cm2 , respectively. We see that for light intensities of about 100

MW/cm2, a significant fraction of the total electron density are energeti-

cally capable of pair-producing inelastic collisions.

In our calculation of the excitation rates, the energy dependence

enters through the density of final states, which increases with increasing

electron energy up to an energy of about 2 eV.62 Thus, as the average

energy of the electron system is increased by the high intensity light, the

average excitation rate by indirect Intraband absorption is increased,

since there is a larger density of final states to which the electrons can

be excited. Using the calculated steady-state values for the intensity

dependence of the distribution, we calculate an intensity dependence in the

free-electron cross section. The results for ae(1), normalized to Oe(l-O),

are shown in Fig. 15 for room temperature conditions and light having a

wavelength of 10.6um and 9.6um. We find that the free-electron cross sec-

tion increases approximately linearly with increasing light intensity.

Thus, the absorption coefficient would increase with increasing intensity

even in the absence of the pair-production processes.

We now calculate the buildup rate of free electron-hole pairs by the

impact ionization events. Using the values for the electron scattering

rates by pair production and the calculated values for the steady-state

4i
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occupation probabilities for states with energy greater than Eg, we calcu-

late

dNe
- Z n4 a (ei) cNe, (51)I
~i9Ci>Eg

where Ne is the total free electron density and ni is the free electron

density in the ith energy interval. Eq. (51) defines an exponential growth

rate c. In the numerical calculations, energy intervals of 1 meV were used

in the sum over i in Eq. (51). In Fig. 16, we show the calculated values

for the exponential buildup rate for intensities in the range of 0 to 240

MW/cm2. The calculation was performed for room temperature conditions with

the solid line showing the results at 10.6mm, and the dashed line showing

the results at 9.6Mm. In the calculated values at 9.6om, a small-signal

free electron absorption cross section of 4xI0 - 17 cm2 was used, estimated

from the infrared absorption measurements of Ref. 55. We find that the

plasma formation thresholds for light at 10.6um and 9.6um are approximately

the same. For a given light intensity, the exponential buildup factor is

slightly lar~er at 10.6mm primarily due to the larger free-electron cross

section, which produces larger excitation rates in Eq. (39).

In Fig. 17, we show the calculated values for the exponential growth

rate as a function of the light intensity and temperature for 10.6um

radiation. The curves are for sample temperatures of 200, 300, and 450K

for Intensities in the range of 0 to 240 MW/cm2. In the calculation, we

use a free electron cross section of 3x10-17 cm2 for T-200K, and 7x10-17 cm2

for T-450K. These values were estimated from the absorption data of Ref.

55. The temperature dependence of the bandgap was taken to be dEg/dT

-0.45 meV/K in the calculation.69 We find that the exponential growth rate
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for a fixed intensity is larger at higher temperatures, and, therefore, the

threshold for the formation of the electron-hole plasma becomes lower as

the temperature is increased. This is primarily due to the increase in

free electron cross section at the larger temperatures. The temperature

dependence of the relaxation rates are also important in the analysis. The

relaxation rates by electron-phonon interactions increase with increasing

temperature so that they in part cancel the effect of the increasing cross

sections.

In Fig. 18, we show the fractional change in the free electron density

for light with a wavelength of 10.6,m in n-type germanium at room tem-

perature. Since the absorption is time dependent due to the pair produc-

tion events, the figure shows the fractional change in the free-electron

density after passage of an optical pulse with constant power density and

pulse durations of 0.5, 2, 10 and 100 nsec. We see that the change in con-

centration has a large intensity and pulse length dependence. Thus, a

direct comparison to experiment requires detailed information about the

instantaneous intensities of the input pulse.

We now examine the intensity dependence of the absorption coefficient,

including the effect of indirect free electron absorption, indirect free-

hole absorption, direct intervalence-band hole absorption, multiphonon

absorption, and plasma formation. In Fig. 19, we show values for the

absorption coefficient normalized to the small signal absorption for a

wavelength of 10.6um and for intrinsic and optical grade germanium. The

values are shown for the absorption coefficient at the end of an optical

pulse of constant power density, and a pulse duration of 2 nsec and a pulse

with a duration of 40 nsec. The multiphonon absorption coefficient is
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taken to be 0.03 cm-1, 18 the free hole cross section is taken to be

ix10-1 7 cm2 , estimated by Drude-Zener theory, the free-electron cross sec-

tion is taken to be 4.9x10-17 cm2 , and the direct intervalence-band cross

section is taken to be 6.8x10 "16 cm2.7  We use the calculated results in

Fig. 15 for the intensity dependence of the free-electron cross section and

assume the same intensity dependence for the indirect free-hole cross sec-

tion. This is not a critical assumption since for intrinsic or n-type

materials the indirect free-hole cross section is always much smaller than

the other absorption processes. For the intensity dependence of the direct

free-hole absorption coefficient *D(I), we write

QD ( ) "' + (I / I s  (5 2 )

and use Is - 4 MW/cm2 . The increase in free electron-hole pairs is calcu-

lated using the values for the exponential growth rate as a function of

intensity. In Fig. 19a, we show the calculated values of a(I)/a(l-O) for

intrinsic germanium (Ne - Nh - 2.4x10 13 cur 3) at the end of a 2 nsec pulse

and a 40 nsec optical pulse. In each case, the absorption coefficient ini-

tially decreases due to the saturation of the intervalence-band absorption

as discussed earlier in this paper. The rapidly rising increase in the

absorption is the threshold for the electron-hole plasma formation. In

Fig. 19b the calculated values for the absorption coefficient are shown for

optical grade germanium (Ne - 1.5x1014 cm-3 ). In this case we do not

expect to observe absorption saturation since the free hole density is much

less than the free electron density in thermal equilibrium, and the satura-

tion of the intervalence-band absorption is approximately cancelled by the

-~ _ ____ ____ -
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increase in the indirect free electron absorption. Values for the thresh-

old for plasma formation are also shown. From Fig. 19 one sees that the

threshold occurs at somewhat higher intensities in intrinsic germanium than

in the n-type optical grade germanium. There are two reasons for the

higher threshold intensity in the intrinsic case: first, the low intensity

absorption coefficient is larger in the intrinsic case owing to the larger

density of holes and the large intervalence-band cross section for the

holes (thus, a higher density of electron-hole pairs must be generated for

the same fractional increase of the absorption coefficient in intrinsic

germanium compared with optical grade germanium), and second, there is a

smaller density of electrons, which are assumed to be primarily responsible

for initiating the impact ionization process, in intrinsic germanium com-

pared with optical grade germanium. However, since the carrier generation

rates are very rapidly increasing functions of intensity, the difference in

the thresholds for the two cases is rather small.

Experimentally, the transmission as a function of intensity in intrin-

sic and optical grade germanium has been reported by two groups.2-3910  In

the work reported in Ref. 10, the laser pulses were approximately Gaussian

in time with a FWHM of about 2 nsec. The transmission data was interpreted

in terms of electron-hole pair formation. For intrinsic germanium the peak

free carrier density as a function of peak laser intensity was reported.

The reported free carrier density was weakly dependent on the light inten-

sity for peak intensities less than about 200 MW/cm2, at which point the

free carrier density began to increase rapidly with intensity. These

experimental results are in reasonably good agreement with our calculated

results. We find a threshold of about 140 MW/cm2 for a constant intensity
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pulse of 2 nsec. (This threshold is taken from Fig. 18 and setting the

threshold as the intensity for which ANe/Ne 1.) For intensities greater

than the threshold, we also find a very rapid increase in carrier density

with intensity. Considering the various uncertainties in the calculation

and the difficulties in direct comparison with the experimental data owing

to the pulse shapes, we find this level of agreement satisfactory.

The results in Refs. 2 and 3 are quite different than those of Ref. 10.

In this work optical grade Ge was used. The multimode laser pulses used had

a spiky structure and the laser intensities quoted were averaged values ob-

tained by assuming a clean pulse with a FWHM of 80 to 90 nsec. Under these

conditions, thresholds for electron-hole pair formation of about 12 MW/cm2

were reported. This is over an order of magnitude smaller than the thresh-

olds reported in Ref. 10. The longer pulse lengths and the use of optical

grade rather than intrinsic material do tend to push the thresholds lower.

We calculate that for a constant intensity 80 nsec pulse the threshold should

be about 80 14W/cm2. Nonetheless, there is a large discrepancy between the

experimental results of these two groups. Our theoretical results, based

on the impact ionization model, are consistent with the experimental results

of Ref. 10 and they are not consistent with the much lower threshold

energies reported in Refs. 2 and 3. If the threshold intensities of Ref.

10 prove correct our calculations support the impact ionization model for

the electron-hole pair formation. If the threshold intensities of Refs5. 2

and 3 prove correct, our calculation suggest that the electron-hole pair

formation cannot be explained by the impact ionization model.
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SUMMARY AND CONCLUSIONS

We have presented calculations of the intensity dependence of the

absorption by free carriers in p-type and n-type semiconductors. The

analysis was divided into two sections, one discussing the absorption of CO2

laser light by free holes, and the other discussing the absorption by free

electrons. In the first section we reviewed a theory of the saturation of

heavy- to light-hole band transitions in p-type semiconductors with the

diamond or zinc-blend crystal structure. We found that the intensity

dependence of the absorpti ,i coefficient is closely approximated by an

inhomogeneously broadened two-level model, and values of the saturation

intensity were presented for most Groups IV and III-V semiconductors for

light in the 9-11mm region. For the temperature and concentration range

where hole-phonon scattering dominates hole-impurity and hole-hole scat-

tering, Is is found to be independent of hole density. For larger hole

densities where hole impurity and hole-hole scattering are important, the

saturation intensity increases monotonically with increasing hole concen-

tration. This behavior is consistent with experimental results. The

dependence of the saturation intensity on photon energy has been computed

and compared with available experimental results. Good agreement between

theory and experiment was found. We have predicted the dependence of the

saturation intensity on temperature.

We have also used the theory to describe the intensity dependence of

the real part of the dielectric constant in p-Ge due to modifications of

the free-hole distribution function by the high intensity laser. We find

that the diagonal components of the susceptibility increase monotonically

with increasing intensity, and that the increases in the susceptibility are

directly proportional to the concentration of free holes in the sample.
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We investigated the intensity dependence of the absorption associated ~
with indirect free-electron transitions in germanium. We find that the

cross section increases with increasing intensity as the electrons are

pumped higher into the conduction band by the absorption of light. As the

intensity is further incresed, a significant fraction of the electrons have

energy greater than the bandgap. These electrons can relax by inelastic

pair-production processes creating an additional electron-hole pair. This

leads to a rather abrupt increase in the absorption coefficient with

increasing intensity. Once the threshold for plasma formation is attained,

the-absorption coefficient is a strong function of both the intensity and

duration of the laser pulse. Values for the exponential growth are calcu-

lated as a function of wavelength, temperature, and the light intensity.

Comparison with experimnent is required to determine whether impact ioniza-

tion is indeed responsible for the plasma formation and the resulting

increase in absorption. At present, experimental results are in

disagreement.

Although calculations for the plasma formation were performed for n-

type and intrinsic Ge, a similar process can occur in p-type material.

There are two possibilities in p-type material: the impact ionization may

be initiated by a hot hole distribution or the small number of electrons

initially present may initiate the impact ionization process. For reasons

previously discussed, we expect the hole impact ionization process to be

somewhat less effective than the electron impact ionization process and,

thus, we expect somewhat larger threshold intensities in p-type material

than in n-type. However, even if hole impact ionization was completely
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ineffective, the threshold intensity of moderately doped p-type Ge would

exceed that of n-type Ge by less than about a factor of two (at room

tenerature) owing to the very strong dependence of the excess electron

density on intensity shown in Fig. 18. Thus, p-type material is expected

to show saturable absorption for intensities less than the threshold inten-

sity for plasma formation, but strongly increasing absorption (with

intensity) for intensities greater than this threshold and the threshold

intensity in p-type material should somewhat exceed (less than a factor of

two) that in n-type material.
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FIGURE CAPTIONS "

Figure 1. Valence band structure of germanium for small k in the [100)

direction. Here, an increase in hole energy corresponds to

going vertically downward.

Figure 2. Calculated hole distribution functions in p-Ge as a function of

k2 for k in the [111) and [100) directions. The calculations

were performed for X - l0.6um, T - 300*K and I - 30 MW/cm2. The

equilibrium distribution functions are shown for comparison. Nc

is the effective density of states.

Figure 3. Calculated absorption coefficient normalized to its low inten-

sity value as a function of intensity for p-Ge. The calculations

were performed for X - 10.6om and T - 295*K. The inhomoge-

neously broadened two-level model result with Is a 4.1 MW/cm2 is

also shown.

Figure 4. Calculated saturation intensity as a function of photon energy

for p-Ge at 295K. The experimental results are from Refs. 7,

8, 12, and 30. Error bars are only given in Ref. 7.

Figure 5. Calculated saturation intensity as a function of temperature for

p-Ge and light with a wavelength of 1O.6um.
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Figure 6. Experimental and calculated values of the saturation intensity

Is vs the hole concentration for p-Ge. The circles (triangles)

show the experimental values of Is for light having a wavelength

of 10.6um (9.6um). The solid line in the figure shows a calcu-

lation of Is vs Nh taken from Ref. 34 for 10.
6um radiation, and

the dashed line shows the calculation of Is vs Nh for 9.6um

radiation.

Figure 7. Values of the saturation intensity vs hole concentration in p-Ge

at 78 K. The solid (dashed) curve shows the calculated values

of Is at 1O.6um (9.5&m).

Figure 8. Calculated values of X'(I)/X'(I-0) as a function of intensity

for unpolarized light in p-Ge. The calculation was done for

light with a wavelength of 10.6um and a temperature of 300K.

Figure 9. The top panel gives the calculated values of the change in the

real part of the dielectric constant (divided by the density of

free holes) as a function of intensity for p-Ge at X a 10.6um, T

- 300K, and for unpolarized light. The corresponding values for

the change in the index of refraction are given in the lower

panel.

Figure 10. Calculated values of the diagonal elements of E (divided by the

free-hole density) as a function of intensity in p-Ge at 300K

for light with a wavelength of 10.6um. In the top panel the

result for [100] polarization is shown. The coordinate system

A.e
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is chosen to be the crystal axis; a is diagonal in this coor-

dinate system. In the lower panel the result for [110) polari-

zation is shown. For this panel, the X axis is in the [110]

direction, the Y axis is in the [110] direction, and the Z axis

is in the [001) direction. In this coordinate system a is

diagonal.

Figure 11. Values of ('04f) vs the hole concentration in p-Ge for CO2 laser

excitation at 10.6,m, room temperature and low light inten-

sities. The calculated values of (-Ac/oI) are shown by the

solid curve. The experimental data are taken from: x, Ref. 44;

A, Ref. 45; M, Ref. 46; 0, Ref. 47; and 0, Ref. 48. Error bars

are reported only in Refs. 45 and 47.

Figure 12. Calculated values of the normalized change in the conductivity

of p-Ge vs temperature for light at 10.6um, a hole concentration

of 2.0x10 16 cm"3 and low intensity excitation. The experimental

data are taken from: A, Ref. 45 and 0, Ref. 43. Error bars are

only reported in Ref. 45.

Figure 13. Values of (-A/cuI) vs the hole concentration in p-Ge for X -

10.6,m and T - 300K. The solid curves are our calculated values

for intensities of 0.05 (linear regime), 1, 5, and 10 MW/cmZ.

Figure 14. Impact ionization rates for germanium at room temperature. w(E)

is the scattering rate for pair production for a state with

energy E. The zero of the electron energy is taken to be the

valence band maximum.
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Figure 25. Calculated values for the fractional change in the free electron

cross section vs Intensity for germanium at room temperature.

The solid (dashed) curve is for light with a wavelength of 9.6

(10.6) um.

Figure 16. Values for the exponential growth rate of the free electron den-

sity vs intensity for germanium at T - 300K. The solid (dashed)

curve is for light with a wavelength of 10.6 (9.6) um.

Figure 17. Calculated values for the exponential growth rate of the free

electron density vs intensity for germanium and light having a

wavelength of 10.6um. The three curves shown are for lattice

temperatures of 200, 300, and 450K.

Figure 18. Normalized change in the free electron density vs Intensity for

germanium at room temperature and light having a wavelength of

10.6um. The four curves show the change in the free electron

density vs intensity imnediately after passage of a light pulse

with constant power density in the interaction region and dura-

tions of 0.5, 2, 10, and 100 nsec.

Figure 19. Calculated values for the intensity dependence of the absorption

coefficient (normalized to its small-signal value) vs intensity

for germanium at T - 300K and light with a wavelength of 10.6um.

In the upper and lower figures, the solid (dashed) curve illus-

trates the normalized change in the absorption coefficient vs

intensity at the end of a pulse with constant power density in

the interaction region and a pulse duration of 40 (2) nsec. The

top figure is for intrinsic germanium (Ne(I-O) a Nh(-0)

2.4x10 13 cm-3), and the lower figure is for optical grade ger-

manium (Ne(I-O) - 1.5x10 14 cm-3).

I.
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TABLE 1. Values of the saturation intensity for the laser excitation

polarized in the [100), [110) and [111] directions. Also shown is the

value of Is for the case of unpolarized light. All values are for lightly

doped p-Ge (doping concentration less than about 3x10 1 5 cur 3 ) and room tem-

perature conditions.

Direction of Light Is(MW/cm2 )
Polarization

[100) 3.2

[110] 3.4

[111) 3.3

unpolarized 3.5

I

#C - a.
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TABLE II. Saturation intensity and the first derivative of saturation

intensity with respect to photon energy and temperature. Values of Is are

given for To a 2950K and Eo - 117 meV.

Material Is [MW/cal2) [M i MW ...
-F-IEo cM2  " oeV Cjl 2 oKJ

Ge 3.5 0.1 0.03

GaAs 18. 0.5 0.2

GaSb 1.8 0.03 0.02

AlAs 400 9 4

AlSb 24. 0.4 0.2

InAs 5.1 0.1 0.05

______________ , 1 4..
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TABLE III. Parameters describing the saturation characteristics for heavy-

hole to light-hole band transitions, heavy-hole to split-off band transi-

tions, and light-hole to split-off band transitions for To - 295K and Eo "

129.8 meV. Values of the saturation intensity are given due to the cumula-

tive effect of all three direct intervalence-band transitions. Also in-

cluded are the first derivatives of the saturation intensity with respect

to photon energy and temperature. All intensities are given in units of

MW/cm2 .

Material (Is)hz (Is)hs (1s)ts( Is ' [M"aIOK M 1
~FE [cm meVi TT cm 0K

L

Si 301 127 161 175 3.3 1.7

InPa 745 --- 97 159 8 1.0

GaP 1900 161 332 229 0.9 2.3

AlP 104 190 215 122 3.1 1.0

a) The h-es transitio in InP is not energetically allowed for this photon energy.

Ll
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TABLE IV. Values of i o/%ofOr transitions between the heavy- and light-

hole bands, the heavy- and split-off bands, and the light- and split-off

bands. All values are given for a photon energy of 129.8 meV ( 9 -. 6um)

and room temperature conditions.

Material (co)h- (
o aO a 0

Si 0.37 0.39 0.24

InPa 0.39 ---- 0.61

GaP 0.14 0.58 0.28

AlP 0.71 0.19 0.10

a) The h-s transition in InP is not energetically
allowed for this photon energy.

I,



-80-

TABLE V. Measured saturation intensities for uncompensated crystalline :1
p-Si samples. Nh is the concentration of free holes and I is the wave-

length of the light. The silicon samples with doping densities of 7x101 5

and 3x1016 cm-3 are doped with boron, and the sample with a doping density

of 2xi0 16 cm"3 is doped with aluminum.

Nh (cm"3) X(Um) Is(MW/cn2 )

7 x 101 5  10.6 55

3 x 1016 10.6 71

7 x 1015 9.6 43

2 x 1016 9.6 36
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TABLE VI. Constants of n-Ge used for calculations. Values of constants

taken from Ref. 56.

Quantity Value

mt/mo 0.082

mz Im o  1.6

p 5.32 gm/cm
3

U. a 5.4x105 cm/sec

Iko 0.037 eV

a This reDresents an averaqe over dif-

ferent crystallographic directions.
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